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1 . 0  INTRODUCTION 
This document i s  the Final Report for Contract NASW-2070 to 
perform the final  data analysis  of the AS&E grazing incidence 
X-ray telescope experiment on the pointed sect ion of the 
OSO-IV sate l l i te .  The report covers the period of performance 
on the contract from 22 June 1970 to  3 1 March 1971. Eight 
monthly ;~~,73r:s have been submitted a s  required for the 
contract during this period. 
The OSO-IV X-ray experiment produced ras ter  scans  of the s u n  
in the 2. 5 t o  1 2  a waveband with a minimum time resolution of 
five minutes and a minimum angular resolution of one arc- 
minute. The spacecraft  was  launched on 18 October 1967  and the 
experiment has  operated successfully throughout i t s  lifetrme. 
The general scientif ic objectives Of the AS&E X-ray telescope 
experiment are to  study individual solar X-ray sources iai several 
wavebands over a n  extended period, and t o  study the relat ionship 
of these  sources t o  problems of solar physics. 
The reduction and an lys i s  of the OSO-IV data  has  taken piace i n  
several  phases.  Prior to  launch of the spacecraft ,  computer pro- 
grams for data reduction were developed and tested.  This phase 
covered the period 30 June 1966 so 31 March 1967, and i s  reported 
in ASE-192 1, the f inal  report for contract NAS5-3569. 
The second and third phases were reported in ASE-2432, the f ina l  
report for contract NAS5-11106. Post-launch data  reduction com- 
menced 19 November 1967, one month after launch of the space-  
craft ,  and continued until 30 June 1968. Preliminary data 
analysis  commenced during this phase. The character and q~ia4lit.j~ 
of the scientif ic resul ts  t o  be gained from the experiment were 
Note: The only changes  occur in the 
f i rs t  paragraph. 
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defined during this phase of the analysis  and preliminary resul ts  
were reported t o  the scient i f ic  community. The prime data reduc- 
tion and analysis  phase began 1 July 1968 and was  completed on 
28 February 1970. During this phase routine data  reductior~ was 
completed il\r a l l  data  received in the form of computer readable 
experimental data and spacecraft  at t i tude magnetic tapes jessen- 
tially the period from experiment turn-on, 25 October 1967, to  
spacecraft  tape recorder failure, 1 2  May 1968). Significant 
events  for this period were se lec ted ,  and these data were ana- 
lyzed in deta i l .  
Under contract NASW-2070, AS&E i s  t o  accomplish two overall 
goals.  The f i rs t  is the completion of the routine processing of 
Goddard Space Flight Center (GSFC) -supplied experimenta l data 
and spacecraft  a spec t  magnetic tapes  through the f i rs t  year of the 
sa te l l i t e ' s  lifetime. Basically th is  covers the period from 1 2  May  
to 14 October 1968. Secondly, AS&E i s  t o  analyze the reduced 
data with direction towards the solution of particular problems i n  
solar physics,  some of which have only recently been revealed. 
This analysis  involves the study of X-ray emitting actj.ve regions 
and their manifestations a t  other wavelengths. the study of the 
time variations of X-ray activity,  arrd the study of the processes 
of solar x-ray emission with the subsequent derivation of a. node1 
X-ray spectra for solar X-ray emitting regions 
The routine processing and much of the data ana lys i s ,  including 
the production of isothermal model spectra ,  was completed under 
this contract. Section. . . 
Note: The only changes occur in the 
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4 .0  CONCLUSION 
The OSO-IV pointed X-ray telescope experiment contivlues to return 
data. Since the failure of the second tape recorder 011 OSO-IV on 
12 May 1968, only data transmitted during real-time passes  over 
the receiving stations has been available. The amount of quick-  
look data received from GSFC has been greatly reduced, because 
of the telemetry overload on the Stadan network. At the time of 
tape recorder failure, the detector efficiency of the OSO-TV tele- 
scope was about 30% of i t s  value on 27 October 1967, Since then 
i t  has stabilized a t  somewhat l e s s  than 20% of this value, 
The instrument has been operated almost entirely in i t s  most sen- 
2 
si t ive mode (2.35 pgm/cm beryllium filter; 4 arc-minute aperture) 
s ince tape recorder failure. Occasionally i t  is commanded into the 
calibration mode for reference. 
Routine computer processing of the spacecraft tapes has been cam- 
pleted through the first year of the sate l l i te ' s  lifetime, A l l  of t h e  
original tapes have been returned to GSFC. 
Most of the prime data has been analyzed, the results  have been 
presented a t  various scientific meetings, and two papers have 
been accepted for p~ blication in scientific journals. 
Note: The only changes occur 
in  the l a s t  paragraph. 
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1 .0  INTRODUCTION 
This document is a n  interim report for contrac t  NASW-207@ to per- 
form the f inal  da ta  a n a l y s i s  of the  AS&E grazing incidence  X-ray 
t e lescope  experiment on the  pointed sec t ion  of the  OSO-IV sa te l -  
li te.  The report covers  the period of performance o n  the c o ~ t r a c t  
from 22 June 1970 t o  1 June 197 1. Eight monthly reports have heel? 
submitted a s  required for the  contract  during th i s  period. X modi- 
f icat ion to  NASW-2070 is currently being negotiated to extend the 
contract.  
The OSO-IV X-ray experiment produced ras te r  s c a n s  of the sun  in 
the  2.5 to  12 2 waveband with a minimum time resolution of five 
minutes and a minimum angular  resolution of one arc-minutee, The 
spacecraf t  was  launched on 18 October 1967 and the  e x p e r i r e n t  
has  operated success fu l ly  throughout i t s  lifetime. The general  
sc ient i f ic  object ives  of the  AS&E X-ray t e lescope  experiment: a re  
to  s tudy individual solar  X-ray sources  in  severa l  w a v e b a ~ d s  over 
a n  extended period, and  to  s tudy the  relat ionship of these  sources 
to  problems of so la r  physics .  
The reduction and a n a l y s i s  of the  OSO-IV data  has tsken place in  
severa l  phases .  Prior to  launch of the  spacecraf t ,  computer pro- 
grams for data  reduction were developed and tes ted .  T h i s  phase 
covered the period 30 June 1966 t o  3 1 March 1967, and is reported 
in ASE-192 1 ,  the  f inal  report for contract  NAS5-3569. 
The second and third p h a s e s  were reported i n  ASE-2432, the final 
report for contract  NAS5- 1 1 106. Post-launc h data  reduction corn- 
menced 19 November 19 67, one  month a f t e r  the launch of the  
spacecraf t ,  a n d  continued unti l  30 June 1968. Preliminary data  
ana lys i s  commenced during th i s  phase .  The character  and quality 
of the  sc ient i f ic  r esu l t s  t o  be  gained from the  experiment were 
defined during this phase of the analysis  and preliminary resul ts  
were reported to the scientif ic community. The prime data reduc- 
tion and analysis  phase began 1 July 1968 and was completed on 
2 8 February 1970. During this phase routine data reductiox.! was 
completed for a l l  data received in the form of computer readable 
experimental data and spacecraft attitude magnetic tapes (essen- 
tially the period from experiment turn-on, 2 5  October 19 57,  to 
spacecraft tape recorder failure, 12 May 1968). Significant 
events for this period were selected,  and these data were ana- 
lyzed in detail .  
Under contract NASWT-2070, ASGtE is to accomplish two overall 
goals. The first i s  the completion of the routine processing of 
Goddard Space Flight Center (GSFCI-supplied experimentai data 
and spacecraft aspec t  magnetic tapes  through the first year of the 
sa te l l i t e ' s  lifetime. Basically this covers the period from 1 2  Way 
to 24 October 1968. Secondly, AS&E is to analyze the reduced 
data with direction towards the solution of particular problems in  
solar physics,  some of which have only recently been revealed, 
This analysis  involves the study of X-ray emitting active regions 
and their manifestations a t  other wavelengths, the study of the 
time variations of X-ray activity,  and the study of the processes 
of solar X-ray emission with the subsequent derivation of a model 
X-ray spectra for solar X-ray emitting regions. 
The routine processing and much of the data analysis ,  including 
the production of isothermal model spectra,  has been completed, 
In a letter proposal, (ASE-2723) we have outlined additional work 
to be done under this contract. This work was suggested by t h e  
resul ts  of the model spectrum analysis  and the high resolution 
X-ray photographs obtained by sounding rockets. This report 
summarizes the work completed thus far on the contract, Seetien 
2 . 0  describes the routine data processing. Section 3.0 summa- 
r izes  the results  to date  of the scientif ic data analysis  of t h e  
contract. Appendix A contains a l is t  of the publications genera- 
ted under this contract, Appendix B and C are  two papers that 
have been accepted for publication by technical journals, and 
Appendix D is a printout of three computer programs used In t h e  
data analysis.  
2.0 ROUTINE DATA PROCESSING 
The data analysis  and reduction programs for the OSO-ICV solar 
X-ray experiment a re  used a t  AS&Efs in-house IBM System 360/40 
Data Processing Facility. The program formats a re  mostly w:ltten 
in PL/1 language and may be read from PLI1, assembly language, 
or COBOL. Detailed descriptions and print-outs of the basic data 
reduction programs are  contained in ASE-2432. 
Data processing commenced a t  AS&E when compatible magnetic 
data and spacecraft attitude tapes were received from GSFC, The  
original 7-track data,  or telemetry tapes ,  were converted to 
9-track tapes  called Telemetry s o  that they would be  compatible 
with AS&E1s computer. GSFC att i tude tapes  were converted to 
tapes called Aspect-Ephemeris . This routine tape processing has 
now been completed for data obtained through the first year of t h e  
sa te l l i t e ' s  lifetime (from 18 October 1967 to 24 October 19681, 
Table I is a l is t  of the AS&E processed tapes  with dates  and times 
of coverage. All of the original tapes  through number 155 have 
been returned to GSFC. 
Magnetic tapes covering the period from the start  time of the 
experiment's routine scanning, 25 October 1967, to the time of 
the failure of OSO-IV's second tape recorder, 12 May 1968,  have 
been sent  to the National Space Science Data Center (NSSDC) for 
potential use  by interested members of the scientif ic community, 
These tapes consis t  of raw rasters and background ras ters  which 
then can  be merged to  produce corrected solar X-ray speetro- 
heliograms . 
TABLE I 
TIME COVERAGE OF OSO-IV SOLAR X-RAY DATA 
TELEMETRY ATTITUDE COVERAGE PERIOD 
TAPE NO. TAPE NO. (TIMES ARE U. T, 
(19 67) 
000 100  1 8  - 25 October 
001 101  25  October ( 0 7 1 3 ) - 3 1  October (2155) 
002 102 1 November (002 1) - 7 November (1 25 2) 
003 103 7 November (1302) - 14 November (0335) 
0 04 104 14  November (0414) - 20 November (1846) 
005 105 2 0 November (1 759) - 2 7 November (i E 2 0) 
006 106 27 November (1135) - 4 December (02 15) 
007 107 4 December (0255) - 1 0  December (1 71 6) 
008 108  1 0  December (1912) - 17  December (0747) 
009 109 17  December (1144) - 24 December (0813) 
012 112 6 January (0723) - 12 January 62004) 
013 113 1 3  January (0001) - 19 January (1230) 
0 14  114 19 January (1245) - 25 January (2357) 
015 115 26 January (0538) - 1 February (2602) 
016 116 1 February (2018) - 8 February (0710) 
017 117 8 February (1105) - 15 February (0146) 
018 118  15 February (0230) - 2 1 February (1 820) 
TABLE I 
TIME COVERAGE OF OSO-IV SOLAR X-RAY DATA 
(Continued) 
TELEMETRY ATTITUDE COVERAGE PERIOD 
TAPE NO. TAPE NO. (TIMES ARE U. T. 9 
0 19 119 21  February (1840) - 28 Februarv (0847) 
02 0 120 28 February (0932) - 5 March  62356) 
02 1 121 6 March (0056) - 12 March  (1152) 
02 2 122 12 March (1515) - 19 March (8541) 
02 3 12 3 19 March (0620) - 25 March (2227) 
02 4 124 25 March (2243) - 1 April (1350) 
02 5 125 1 April (1405) - 8 April (023 0) 
02 6 12 6 8 April (0626) - 14 April (1903) 
02 7 127 14  April (1923) - 21  April (0748)  
02 8 128 21  April (1154) - 28 April (0216) 
02 9 12 9 28 April (0306) - 2 May  (1933) 
03 0 130 2 May (1929) - 12 May (2327) 
03 1 131 13 May (1453) - 1 8  May (0047) 
03 2 132 1 8  May (0156) - 24 May (1542) 
03 3 13  3 24 May (1723) - 31 May (0522) 
034 134 31  M a y ( 0 8 3 8 ) - 6  June (2123) 
03 5 13  5 7 June (0039) - 12 June (1829) 
03 6 13  6 No da ta  - bad telemetry t ape  
03 7 137 20  June (0908) - 26 June (1934) 
TABLE I 
TIME COVERAGE OF OSO-IV SOLAR X-RAY DATA 
(Continued) 
TELEMETRY ATTITUDE COVERAGE PERIOD 
TAPE NO.. TAPE NO. (TIMES ARE U. T,) 
03 8 138 26 June (2044) - 2 July (0704) 
03 9 139 3 July (1145) - 1 0  July (0212) 
04 0 140 10  July (0242) - 16 July (1742) 
04 1 141 16 July (1913) - 23 July (0857) 
042 142 23 July (0937) - 29 July (2354) 
043 143 30  July (0027) - 5 August (15l . l )  
044 144 5 August (1536) - 12 August (04521 
045 145 12 August (0730) - 18  August (2122) 
04 6 146 No da ta  - bad telemetry t ape  
04 7 14 7 25 August (1314) - 1 September (0354) 
04 8 148 1 September (0404) - 7 September (1 9 19) 
049 14 9 7 September (2 015) - 14 September (1 808 
05 0 150 14 September (1 138)-2 1 September (012 8) 
05 1 15 1 2 1 September (0223) -27 September jL 613) 
05 2 152 27 September (1 646) - 4 October (072 8) 
05 3 15 3 4 October  (0753) - 10 October (2248) 
054 154 11 October (0018) - 17 October 114071 
055 155 17 October  (1438) - 24 October (8449) 
3 . 0  SCIENTIFIC DATA ANALYSIS 
3. 1 Introduction 
The OSO-IV X-ray telescope experiment was the first instrument 
capable of identifying the sources of solar soft  X-ray emission, 
and of monitoring individual sources for periods on the order of 
their lifetimes. The analysis  of the OSO-IV data has followed 
three major lines: (1) the angular resolution characterist ics of 
the instrument have been used to determine the spatial  dimensions 
of X-ray emitting regions; (2) time histories of the X-ray activity 
of individual, selected act ive regions have been studied in order 
to determine the temporal characteris t i cs  of these regions; and 
(3) the data has been compared with observations made a t  radio 
and optical wavelengths. The important initial results  of t h i s  
analysis  are  included in a paper which has been accepted for 
publication in  Solar Physics. This paper is presented in 
Appendix B of this report. 
An important portion of the scientif ic analysis  of the data has 
been a detailed study of the processes  of solar X-ray emission, 
and the construction of a theoretical model of the X-ray spectrum 
of the solar corona. Model spectra for isothermal regions have 
been constructed. The assumptions, calculations,  and results  of 
this study are  presented in a paper which has been accepted for 
publication by the Astrophysical Journal. This paper i s  included 
a s  Appendix C of this report. 
The model spectrum was convolved with the spectral  response 
characterist ics of the OSO-IV telescope experiment to  yield 
filtered model spectra. These spectra were compared with t h e  
observed OSO-IV data in an  attempt to  gain information a b o u t t h e  
emission characterist ics of solar active regions, and to  serve a s  
a check on the detector response of the instrument. The computer 
programs used in the production and interfacing of these s tudles 
are  presented in the form of computer l ist ings in Appendix DD, 
The resul ts  of the above act ivi t ies  a re  detailed in this section, 
3 .2  Cataloging of Events 
During the initial period of performance of this contract, several 
gaps in the processed data for the interim before 1 2  May 1968 
were filled. These gaps existed because some tapes  sent  to us 
by GSFC were unreadable and required replacement. A s  these 
gaps became filled and subsequently studied, several  new X-ray 
events were found and added to  the general catalogue of X-ray 
events observed by the OSO-IV telescope experiment. The gen- 
eral  catalogue l i s t s  a l l  s ta t is t ical ly  significant X-ray events a s  
observed by the OSO-IV instrument through 12 May 1968,, It riow 
contains about 1000 such events. 
For convenience in the analysis ,  we chose to divide these X-ray 
events arbitrarily into three c l a s se s  on the basis  of their dura- 
tions. Events of duration l e s s  than 8 hours were termed 'YTlares" , 
or "impulsive events".  Events of duration greater than 2 4  hours 
were called "slow variations". Events with intermediate duration 
were termed " long enduring brightenings " . Although the  bounds 
of these c l a s s e s  were established arbitrarily, it is plausible I-e; 
expect that a t  l e a s t  two, and possibly three, different physical. 
mechanisms a re  involved in producing these  three c l a s se s  of 
events. In general, the time sca l e s  of flare-associated soft 
X-ray events a re  sufficiently short that such events might be 
regarded a s  the dissipation of energy "dumped" in the lower 
corona by some impulsive process.  On the other hand, slow 
variations lasting several  days require a more gradual energy 
input. The intermediate c l a s s  was established to  acccarnrncldate 
events of duration longer than flares but short compared to the 
slow variations. 
The following three tables are  updated l i s t s  of major X-ray events 
of the types described above. Dates,  observed times and dura- 
tions, associated McMath plage numbers, and counting ra tes  are 
shown for each  type of event. Table I1 l i s t s  a l l  well-observed 
X-ray "flares" with peak fluxes in the 2.5 to  12 A) waveband 
6 2 greater than or equal to  2.5 x 10 photons/cm - sec .  'The peak 
X-ray counting ra tes  were extrapolated from the observed t i m e  
behavior of the event. The total number of observed counts in t he  
detector passband was obtained by numerical integration of the  
event time profile. These lat ter  two quantities a re  derived from 
2 
observations made with the 2.3 5 pgm /cm beryllium filter 
(2.5 - 12 8) and the four arc-minute aperture mode, unless other- 
wise specified. A few other large X-ray flares a re  known "c have 
occurred. However, if  the observations were not suffici~ent o 
permit a detailed characterization of an  event, i t  was no t inc luded  
in Table 11. 
Tables I11 and I V  l i s t  major long enduring bursts and slow varia - 
tions respectively for which sufficient data was obtained to permit 
characterizing these  events in  detail.  The combination of satel- 
l i te  operations, a fluctuation toward reduced solar activity,  and 
the gradual decline in instrumental sensit ivity made these longer 
events more difficult to include after January 19  6 8. 
The l i s t  of act ive regions used for the calculation of the vertical 
extent of act ive regions was reevaluated and several  new regions 
were added to make the l i s t  complete through 1 2  May 1968,  A l l  of 
the regions used were examined with the intent of avoicling can- 
fusion a t  the limb caused by closely spaced transiting regions of 
similar heliographic latitude. The criterion for noting when a 
TABLE I1 
LARGE IMPULSIVE X-RAY EVENTS 
DATE 
McMATH OBSERVED TIMES (U. T. ) 
P LAG E DURATION PEAK COUNTING *. ~r 
NO. START MAX. E ND ( min. ) RATE ( c n t s / l 4 0  m s e c )  
w 
1 
& 
29  O c t o b e r  1967 9034 0124 034 1 0417 1 7 3  7 . 1  l o 3  * 
2 9  O c t o b e r  1967 - 9 034 2 3 24 2344 - 
30 O c t o b e r  1967 0054 0215 17 1 > 3 . 6 x  l o 3  * 
11 November  1967 9073  < I 1 2 7  1132 1454  > 2 0 7  3 . 2  l o 4  
12  November  1967  9073  < 1403  1408  ,1544 > l o 1  3 . 1  l o 4  
1 6  November  1967  9073  < 2145 2206 2 2 2 2 6  > 4 1  1 . 3  x 1 0  5 
1 D e c e m b e r  1967  9091  < 0 4 4 8  0534 0805  > 197  4 . 4  l o 3  * 
1 D e c e m b e r  1967  9091  < 1308  1308  1 4 3  8 > 9 0  4 . 7  l o 3  * 
1 D e c e m b e r  1967  9 09 1 1449 1459  1 6 3  0 1 0 1  6. 1 x l o 4  
1 D e c e m b e r  1967  9091  < 2 3 5 8  2358 7 0 2 0 5  > 127  2 . 9  l o 4  
2 D e c e m b e r  1967 9 09 1 0325  0330  0506 1 0 1  3 . 2  l o 4  
2 D e c e m b e r  1967  9091  0 5 1 1  0652 =*0848 ) 2 1 7  6. 5 x l o 4  
11 D e c e m b e r  1967  9101  2158  2219 2 354 156  8, 5 x 1 0  4 
1 3  D e c e m b e r  196 7 9101  0056 0101  0306  1 3 0  2 . 7  x 1 0  4 
1 6  D e c e m b e r  1967  9 118  0240  0301  > 0 6 1 2  > 332 4 . 9  l o 3  * 
15 January 1968 
17 January 1968 
28 January 1968 
10 February 1968 
* = One arc-minute aperture 2 
** = T h r ~ u g h  2, 35 ,ugrn/c~-n Be filter and 4 arc-minute aperture 
TABLE I11 
LONG ENDURING X-RAY BRIGHTENINGS 
W 
I 
McMATH OBSERVED TIMES (U. T. ) ESTIMATED* * TOTAL O B S E R Y D  t 
m DATE PLAGE DURATION PEAK COUNTING COUNTS (10 ) 
NO. START MAX. END (hrs. ) RATE ( c n t s / l 4 0  m s e c )  
29 O c t o b e r  1967 
29 O c t o b e r  1967- 
30  O c t o b e r  1967 
3 0 O c t o b e r  1967-  
3 1 O c t o b e r  1967  
31 O c t o b e r  1967- 
1 N o v e m b e r  1967 
1 0  N o v e m b e r  1967- 
i l  N o v e m b e r  1967 
1 1  N o v e m b e r  1967 
11 N o v e m b e r  1967 
11 N o v e m b e r  1967- 
12 N o v e m b e r  1967 
12 N o v e m b e r  1967- 
1 3  N o v e m b e r  1967 
26 N o v e m b e r  1967- 
27 November 1967 
26 November 1967- 
27 November 1857 
I December 1967 
8 December 1967- 
9 December 1967 
TABLE 111 (Cont inued)  
McMATH OBSERVED TIMES (U. T. ) ESTIMATED* * TOTAL OBSERVED P 
0 
I DATE PLAGE DURATION PEAK COUNTING COUNTS ( l o 9 )  
cn NO. START MAX. END (hrs.  ) RATE ( c n t s / l 4 0  m s e c )  
11 December  1967- 9108 2 35 3 
12 December  1967 0002 0906 9 . 2  8. 3 x l o 3  -- 
1 3  December  1967- 9115 2 34 9 
1 4  December  1967 0938 2133 21. 7 7 . 3  x 1 0  3 4 . 6  - 5 . 3  
1 6  January 1968- 9 146 < 2110 
17 January  1968 -0500 0939 > 12. 6 5  6. 0 x l o 3  - - 
* = One arc-minute  aper tu re  
2 
** = Through 2, 3 5  pgm/cm Be f i l t 2 r  a n d  4 arc-minute  aperturie 
f = 2 . 5  - 12 8 waveband  
TABLE IV 
S L O W  X-RAY VARIATIONS 
* * 
McMATH APPROXIMATE ESTIMATED PEAK 
cr;, DATE PLAGE OBSERVED TIMES (U. T. ) DURATION C O U N T I N G  RATE TOTAL OBgERVED 
I 
t 
NO. START MAX. E N D  ( h r s .  ) ( c n t s / l 4 0  m s e c )  C N T S  (10 ) 
2 8  O c t o b e r  1967- 9034 
1 N o v e m b e r  1967 
0100 
(31 O c t )  
10  N o v e m b e r  1967- 9047 
12 N o v e m b e r  1967 
0000 
(1 1 Nov)  
1 0  N o v e m b e r  1967- 9073 
1 4  N o v e m b e r  1967 
1 4  N o v e m b e r  1967- 9073 
15 N o v e m b e r  1967 
1 5  N o v e m b e r  1967- 9073 
1 6  N o v e m b e r  1967 
1 4  N o v e m b e r  1967- 9062 
1 6  N o v e m b e r  1967 
26 N o v e m b e r  1967- 9091 
4 D e c e m b e r  1967 
8 D e c e m b e r  1967- 9110 
1 0  D e c e m b e r  1967 
8 D e c e m b e r  1 9 6 7 -  9115 
1 0  D e c e m b e r  1967 
9 D e c e m b e r  1 9 6 7 -  9108  
l.1 D e c e m b e r  1967 
10 D e c e m b e r  1 9 6 7 -  9115 
1 1 D e c e m b e r  1967 
l i  D e c e m b e r  1967- 9108 
1 2  December 1957 
TABLE IV (cont inued)  
McMATH APPROXIMATE ESTIMATED PEAK** 
0 
DATE PLAGE OBSERVED TIMES (U. T. ) DURATION COUNTING RATE TOTAL OBSERVED t 
I NO. START MAX. END (hrs. ) ( c n t s / l 4 0  msec) 
02 
CNTS !lo9) 
1 2  December 1967- 9108  
1 6  December 1967 
1 2  December 1967- 9115  
1 9  December 1967 
2 January 1968-  9 1 4 6  
5 January 1 9 6 8  
5 January 1968-  9146 
1 0  January 1 9 6 8  
1 0  January 1968-  9146 
1 3  January 1 9 6 8  
1 3  January 1968-  9146 
1 9  January 1 9 6 8  
0 6 5 0  1 2 1 0  
(14 Jan) 0 7 4 0  
* = One arc-minute aperture. 
2 
** = Though 2. 35 y g m / c m  Be filter and 4 arc-minute aperture, 
t = 2.5 - 1 2 K  waveband 
region appeared on the e a s t  limb or disappeared on the w e s t l i n ~ b  
was made more restrictive, and the previously analyzed regions 
were reevaluated using this criterion. 
The relationships of X-ray fluxes from act ive regions to the  equiv- 
a lent  emission a t  other wavelengths was reexamined after the 
inclusion of the new OSO-IV data. Primarily this involved com- 
parisons with data taken a t  the H, line and a t  9 .1  cm, For 
instance,  a detailed comparison had been made between X-ray 
events and H, flares whose maxima occurred within EO rnin;rtes of  
each  other. Also the correspondence of solar X-radiation wi th  the 
9.1 cm peak brightness temperatures of act ive regions had been 
examined. The l ist ings of these correlations were expanded, 
significantly improving the s ta t is t ical  validity of the results  , 
3 . 3  Model Solar X-ray Spectrum 
Details  of the study and construction of the solar X-ray spectrum 
are  contained in the paper in Appendix C. Briefly, the analysis  
included input data typical of a high temperature, low density 
plasma covering the spectral  range 0.5 - 70 8 and a temperature 
5 8 o 
range of 6 x 10 - 10 K. Twenty-three discrete temperatures 
were included, one for every 0.1 interval in the logarithm, EEe- 
mental abundances characteris t ic  of either the solar corona or 
s te l lar  material can be  included in the program. Only solar 
abundances have been considered for this report. 
The model spectrum included radiation contributions arising from 
both line emission and the continuum. The importance sf i h e  
radiation to  coronal X-ray emission has only recently been appre- 
ciated. Consequently a detailed study of the processes of line 
emission following electron collisional excitation was made, and 
some 459 l ines were included in the model. Continuum radiation 
processes included were recombination, brems stra hlung , arid 
two-photon decay following the excitation of the meta-stable 2S 
s t a t e  in hydrogenic and helium-like ions. Mainly because of the  
large number of l ines considered, this model differs from older 
ones both with regard to the relative importance of line versus 
continuum radiation, and the detailed shape of the spectrum, 
The calculations producing the spectrum are  made with a computer 
program called MKOREN, presented in Appendix D. The output of 
this program, which is the spectrum itself ,  is both printed out and 
deposited on a magnetic tape. The tape is then used on AS&E1s 
Calcomp plotter to yield plots of power versus wavelength f ~ r  
specific temperatures. The tape is a l s o  used a s  inputffor sther 
AS&E programs, such a s  OSOINT described in the next section,  
Figure 3- 1 shows Calcomp plots of the model spectrum for tern- 
6 o peratures representative of the quiescent corona (1. 6 x i0 Ki 
and of act ive regions (5 x l o 6  OK). Curves are  drawn individually 
for the three continua processes,  and for the total coi~tinuurrzl 
(dotted l ine) ,  with the l ines shown summed over 0 .2  8 wavelength 
intervals. Figure 3-2 shows the relative contributions of the  
individual processes contributing to  the spectrum power integral, 
3 .4  OSOINT and FILGEN Computer Programs 
A program called OSOINT (see Appendix D) u s e s  a s  input the model 
spectrum a s  contained on the tape just described, and filter trans- 
mission data ,  which represent the spectral  response characteris - 
t i cs  of the OSO-IV X-ray telescope experiment. I t  then produces 
a theoretical filtered spectrum. This filtered spectru~n can then be 
compared with the actual  OSO-IV raster data to  gain information 
about the emission characterist ics of solar act ive regioncis, and to 
serve a s  a check on the detector response of the instru-ilment, 
For each  temperature the OSOINT program takes  0.2  bins of the  
continuum input data,  multiplies each  bin by  the interpolated 
- 
P 
R c- -0 10 n frh 
P 
--____ 
- 
L A  
0 10 00 20 0 0  30 00 40 00 50 00 60 00 70 00 
WAVELENGTH (8) 
6 s 
Figure 3-1 The model solar X-ray speckurn for "temperatures 3 f  I 6 x 10 K 
(upper) and 5 x 1 o6 "K (lower). These tempera Lures are representa- 
t i v e  of t h e  qu iescen t  e9rona and of active r e g i ~ n s  respectively. 
)? Ihe abcissa has uni ts  of log power per u n i t  emissior~ measure, 
a farm convenient for analysis* 
Figure 3-2 The temperature dependence  of the  individual  p rocesses  used In 
the  construct ion of the model spectrum. Note the  importance of 
l ine  emiss ion t o  the  spectrum a t  lower temperatures. 
filter transmission a t  the midpoint of the bin, adds the coxnting 
rate contributed by any l ines in the bin, and prints out t h e  wave- 
length a t  the beginning of the bin and the filtered counting rate 
contributed by the bin. This bin counting rate is then added to a 
cumulative sum over the whole spectrum; the final filtered integral 
is printed a t  the end of the spectrum along with the final input 
integral. Absorption edges are  taken into account by dii+Ciing tne 
affected 0 .2  8 bin into two smaller bins a t  the edge, Each smaller 
bin i s  then treated exactly like a 0 .2  8 bin, then recombined a s  a 
0 .2  8 bin for printing. Any combination of filter data and tempera- 
tures (within the limits on the input tape) can be used, The 
OSOINT program is actually a modified version of a propalm ealleci 
TEMPINT. The essen t ia l  difference between the two prograns is 
that OSOINT converts the input spectral  power to counts during t h e  
bin calculations,  while TEMPINT produces results  in energy uni ts ,  
Calcomp plots are  produced a s  output from the OSOINT and 
TEMPINT programs, and are  similar to  those produced from the  
MKOREN tape discussed in the previous section. For OSOINT the 
plots have axes  of counts vs  wavelength for specific temperatures, 
For TEMPINT the units a re  power vs  wavelength. 
The filter transmission data ,  used a s  input to both the TEMPINT 
and OSOINT programs, a re  the output of a program called FTLGEN 
(see  Appendix D). FILGEN uses  information specifying the density 
and thickness of each  element contained in an  X-ray filter, and 
the X-ray mass absorption coefficients of the filter material, to 
calculate the filter transmission a t  one 2 intervals. A t  a n  absorp- 
tion edge, two additional transmissions a re  computed, one each  
a t  the top and bottom of the edge. The output consis ts  of a ser ies  
of cards for each  filter giving the transmission versus X from 
3 to 60 8. Filters can be combined in the program to produce s 
ser ies  of output filter transmissions. For the OSO-IV experiment, 
the filter transmissions from FILGEN for the three filters must be 
combined with the spectral  response characterist ics of t h e  instiw- 
ment to produce final "filters" that a re  used a s  input data for 
OSOINT. 
3 .5  OSO-IV Detector Response Analysis 
The observed counting rate of the OSO-IV detector is relbtec? to the 
flux of solar radiation a t  the spacecraft through the collection area 
of the telescope and the instrument's detection efficiency function 
Details of the detector design can be found in ASE-2432, Briefly, 
the detection efficiency function, F, is comprised of three wave- 
length-dependent quantities: r ,  the telescope reflectance, q, the  
photocathode quantum efficiency, and x, the filter transrnis sion, 
The time-dependent part of the photocathode efficiency i s  known 
from in-flight calibration. 
The precise characterist ics of the function F a re  unknown, T h i s  
uncertainty is primarily because the calibration techniques in  u se  
a t  the time of the construction of the OSO-IV experiment were not 
sufficient for detailed knowledge of the spectral  response,  There 
are  two major reasons for this: (1) both the telescope reflectance 
and the filter transmissions were calibrated using only one X-ray 
emission line, the 8.3 2 K, line of aluminum, and ( 2 )  the exact 
55 
strength of the Fe source used for in-flight calibration vc7as 
essent ia l ly  unknown a t  launch time, allowing only relative cali- 
bration of the detector sensit ivity with respect to the first day of 
usable data from the experiment. Concerning item (1) above, 
significant improvements in filter calibration techniques, both in 
the number of l ines used and the measurement sensit ivity,  have 
been made recently. These methods a re  outlined in ASE-2665-1, 
We have found that large errors in determination of the 
transmission integral of a filter can  be  made i f  one relies entirely 
on measurements made a t  just the 8.3 2 line. Also, manufactur- 
ing tolerances a t  the present time are  not sufficient to allow 
reliance on the thickness specifications of filters. These known 
effects indicate that the true transmission characterist ics of the 
OSG-IV flight f i l ters,  and likewise the function, F, were probably 
poorly determined. 
During the course of the Solar Astronomy Program a t  AS&E, we 
have found that the two major sources of solar soft X-ray emis- 
sion,  the quiescent corona and active regions, a re  characterized 
by fairly consistent,  specific temperature ranges. For the OS041i 
data we form what is called a Spectral Hardness Index [SHI) by 
taking the percentage ratios of the three filters a t  closely spaced 
intervals in time. The three independent ratios a re  eaEibration 
independent, and a re  characterist ic of the emitting region, If we 
assume that the emission in  the waveband of the OSO detector is 
produced thermally, the SHI will be  a measure of the temperature 
of the emitting region. By assuming a reasonable model. for X-ray 
regions, one can construct expected SHI vs  temperature curves 
for each of the three ratios. Figure 3-3 shows such curves for 
the OSG filters convolved with the model spectrum described in 
Section 3.3, We then use  observed SHI data to  determine the 
expected temperatures. For any single X-ray event, the three SHI: 
values should yield similar temperatures, and be consistent with 
known values. Using this technique for the GSO data and w i t h  
the original detector response,  we found that  the derived tempera - 
tures differed from each  other and were far too high. 
Consequently during the initial period of this contract, an 
iteration method was used whereby values for the detector 
response were varied depending upon assumed values for the  
LOGT ( O K )  
Figure 3-3 Theoret ical  spec t ra l  hardness  index (SHI) vs .  temperature curves 
for the  OSO-IV detec tor  r e sponse  convolved with the  m o d e l  spec- 
trum. The SHI's a r e  p l ~ t t e d  f ~ r  the  independent  r a t i ~ s  of "ce three 
OSO f i l t e r s ,  and a re  derived f r ~ m  the  f i l tered in tegra ls  of Figure 3-9,  
thicknesses of the filters and the CsI photocathode. Figure 3-4 
is a family of curves showing the changing spectral  response of 
the function, F ,  for these various assumptions. All the curves 
L 
utilize the most sensit ive filter mode: 2.35 wgm/cnn Be, The 
uppermost curve is the one which gives the most consistent 
agreement with expected temperatures. This curve a s s u n e s  a 
flat response for the CsI photocathode, and implies that effectiv? 
loss  of this material (through possibly contamination or disinte- 
gration) may have occurred early in the experiment's life t ine ,  
Figures 3-5 through 3-8 a re  graphs of the output of the  OSOlNT 
program, using the 2.35 pgm/cm2 Be filter + the flat detector 
response a s  sumption, for four temperatures. Comparing; these 
figures to Figure 3-1, i t  i s  obvious that a t  lower temperarures the  
dominant contribution to the OSO counting rate is from Sine ernis- 
sion, s ince continuum radiation is shifted to longer wavelengths, 
At higher temperatures, the continuum becomes a more important 
contributor (and finally dominates the spectrum in Figure 3-81 in 
the OSO passband. 
Figure 3-9 shows curves of the counting rate of the C I S 0  i ~ . s t ru -  
ment a s  a function of temperature for each of the OSO filters 
which result  from plotting the output of the OSOINT program for 
the flat detector response assumption. Each curve i s  produced 
by plotting the calculated filtered spectrum integral (3 - 60 x! for 
each  temperature value. The absc i s sa  units are  in  counts  per 
unit emission measure per unit time and wavelength, a form con- 
venient for analysis.  The Spectral Hardness curves of Figure 3-3 
are  produced by taking ratios of the appropriate filtered integrals 
and plotting them for each  temperature value. Again these curves 
assume flat  detector response. 
Figure 3-4 Curves  showing the  changing spec t ra l  r e sponse  of t he  030-IV de-  
tec tor  for different  assumpt ions .  The uppermost curve, assuming 
a f l a t  p h o t ~ c a t h o d e  response ,  h a s  been  adopted f ~ r  t he  presenr  
ca lcula t ions .  
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Figure 3-5 Curve resul t ing  from the  OSOINT program. This graph is the result 
of convolving the  model spectrum with the  OSO-IV flat g e t e c t ~ r  e- 
s p o n s e  assumption.  It is for a temperature of 1. 6 x 10 OK. 
0.0 0 4.00 8.00 12.00 46130 20.00 24.9 0 
W A V E L E N G T H  A(;;) 
Figure 3-6 Curve resul t ing  from the  OSOINT program. This graph is t h e  result 
of convolving the  model spectrum wi th  the  OSO-IV flat d e t e c t ~ r  e- 
s p o n s e  assumption. I t  is for a temperature 3f 5 x &. 
0.0 0 4.0 0 8.00 12.00 9 6.00 20,OO 24 00 
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Figure 3-7 Curve result ing from the  OSOINT program. This graph is the  result 
of convolving the model spectrum wi th  the  OSO-IV flat detector re- 
s p o n s e  assumption.  I t  is for a temperature of l o 7  al<* 
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Figure 3-8 Curve resul t ing  from the  OSOINT program. This graph  is t he  resiile 
of convolving t h e  model spectrum with the  OSO-IV flat detector re- 
s p o n s e  assumption.  I t  is for a temperature of 108 "K. 
Figure 3-9 Curves  of the  counting ra te  in tegra ls  of the  OSO-IV detector  a s  a 
function of temperature for the  three f i l ters .  The integrals are 
ca lcula ted  by the  OSOINT program. F la t  de tec tor  r e spanse  is 
assumed.  The SHI ra t ios  of Figure 3-3 a r e  produced from these 
integrals .  
4.0 CONCLUSION 
The OSO-IV pointed X-ray telescope experiment continues tea return 
data.  Since the failure of the second tape recorder on OSO-EV on 
12 May 1968, only data transmitted during real-time passes over 
the receiving stations has been available. The amount s f  quick- 
look data received from GSFC has been greatly reduced, because 
of the telemetry overload on the Stadan network. At the  t i m e  of 
tape recorder failure, the detector efficiency of the OSO-iV tele- 
scope was about 30% of i t s  value on 2 7  October 1 9 6 7 ,  Since ther; 
i t  has stabil ized a t  somewhat l e s s  than 20% of this value, 
The instrument has been operated almost entirely in its most sen- 
2 
sit ive mode (2.35 pgm/cm beryllium filter; 4 arc-minute aperture) 
s ince tape recorder failure. Occasionally i t  is commanded into t h e  
calibration mode for reference. 
Routine computer processing of the spacecraft tapes has been com- 
pleted through the first year of the sate l l i te ' s  lifetime, AEE of the  
original tapes have been returned to GSFC. 
Most of the prime data has been analyzed, the results  have been 
presented a t  various scientif ic meetings, and two papers have 
been accepted for publication in scientif ic journals. Further anal- 
y s i s  effort on contract NASW-2070 will be  devoted to  t h e  detern~in- 
ation of the physical s ta te  of X-ray emitting structures, and to t he  
relationship between the detailed structures observed by our solar 
sounding rockets and the dynamical phenomena observed by our 
OSO-IV experiment. 
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RESULTS FROM OSO-IV: THE LONG TERM BEHAVIOUR 
OF X-RAY EMITTING REGIONS 
A. Krieger, F. Paolini, * G. S. Vaiana, D. Webb 
American Science and Engineering 
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ABSTRACT 
A grazing incidence X-ray telescope on board the OSO-IV space- 
0 
craft obtained images of the sun in the 2.5 to 1 2  A waveband nearly con- 
tinuously from 27 October 1967 to 12 May 1968. The instrument had sufficient 
spatial  resolution (one to four arc-minutes) and temporal resolution (5 to 2 0 
minutes) to estimate the spat ia l  characterist ics of X-ray emitting regions and 
to monitor the temporal behaviour of individual act ive regions. Variations in  
the absence of flares of a s  much a s  a factor of 10 in the X-ray output s f  indi- 
vidual regions were observed, with typical durations ranging from several 
hours to several  days. The X-ray time variations a re  related to  observations 
a t  optical and radio wavelengths. The results  are  interpreted under the assump-  
tion that the X-ray time variations are  caused by temperature changes in  the  
coronal portions of active regions. The contribution of radiative losses to t he  
energy budget of the coronal act ive region is estimated. 
Accepted for publication by Solar Physics 
*Present Address: Philips Electronic Instruments , Mt. Vernon, N. Y, 
1. Introduction 
The OSO-IV satel l i te  was successfully launched into earth 
orbit on 18 October 1967. AS&E4s grazing incidence X-ray telescope on 
0 
board the spacecraft obtained solar images in the 2.5 to  12 A waveband, 
nearly continuously from 27 October 1967 to 12 May 1968 when the sa tel- 
lite tape recorder failed. Intermittent data was received thereafter, 
The OSO-IV X-ray telescope had sufficient spatial  resolutiorl 
(one and four arc-minutes)to locate and identify the sources of solar soft 
X-ray emission. The temporal resolution (five to 20 minutes) of the  in-. 
strument was sufficient to resolve the time variations in X-ray flux 
(except during impulsive flares), and the duration was sufficient l o  monitor 
active regions for periods on the order of their lifetimes. Because sf its 
spatial  resolution, the instrument could measure the X-ray emission frrotm 
a particular active region even while the majority of the total solar X-ray 
flux was being produced by other regions. Consequently, the X-ray tele- 
scope was able  to follow the temporal behavior of individual active regions 
for several  solar rotations. 
The analysis  of the OSO-IV telescope data has followed three 
major lines: (1) the angular resolution characteris t i cs  of the ins tlzlrnent 
have bekn used to determine the spatial  dimensions of X-ray emitting 
regions; (2) time histories of the X-ray activity of individual, sel-ected 
active regions have been studied in order to determine the temporal char- 
acter is t ics  of these regions; and (3)  the data has been compared with 
observations made a t  radio and optical wavelengths. The results  of t h i s  
analysis  follow a brief description of the instrumentation and our exper- 
imental procedure. 
2 .  Description of Experiment 
a )  Instrumentation 
The grazing incidence X-ray telescope is a two-mirror, image 
forming system of optics. Incident X-rays reflect off the first mirror, 
which is a paraboloid of revolution, onto the second mirror, which is a 
confocal hyperboloid of revolution. The radiation reflected off t h e  second 
mirror subsequently forms a true image of the source in the focal plane of 
0 
the system. For X-radiation of wavelengths greater than 2 A ,  angles  of 
incidence are l e s s  than the cri t ical  angle necessary for total external 
reflection; reflection efficiency is therefore high. A detailed description 
of grazing incidence X-ray telescope design and application has been given 
by Giacconi e t  al .  (1969). 
The telescope on OSO-IV (shown mounted into the instrument i n  
Figure 1) was fabricated of electroformed nickel; it was approximately 
2 7. 6 c m  in diameter by 16 c m  long; i ts  collecting area was 2. 01 crn ; and 
i ts  focal length was 83. 6 cm.  Its inherent resolution was 20  arc-seconds. 
The grazing angle of reflection for rays incident parallel to the ax is  was 
40 arc-minutes for both reflections. 
The reflection efficiency of the X-ray telescope was measured 
0 
a t  the 8.3 A aluminum line. The reflection efficiency on ax is  was found 
t o  be 2 8%. The theoretical reflection efficiency (Zehnpfennig e t  al, , 
0 
19 67) a t  8.3 A for two reflections from nickel surfaces pitched a t  eqmiv- 
alent angles to the X-ray beam (that i s ,  40 arc-minutes for both reflection& 
is  approximately 65%. This difference between the theoretical and actual 
efficiencies i s  considered typical of X-ray telescopes fabricated by t h e  
r\ 
electroforming technique. The computed reflection efficiency is shown 
in  Figure 2. 
Transmission a s  a function of wavelength for a l l  f i l ters was 
calculated from the values of the mass absorption coefficients tabulated 
by Henke e t  al .  (1967) and the measured areal  densi t ies  (gm-cm-'1 of the 
0 
filter materials used. Their transmissions to 8.3 A A1-Ko/ X-radiation 
were then experimentally measured and were found to be consistent with 
calculations. Besides the wheel-mounted filters, there was a fixed filter 
0 
in the optical path of 0.00038 cm Mylar with 2000 A evaporated a luminum,  
2 
adding primarily 0.53 mg/cm of carbon. 
The detector was a "photoemission-scintillation" detector, 
Lincke and Wilkerson (1962) have described i t s  use  in the extreme ul tra-  
violet. The detector consisted of an external photocathode and a seintil- 
lation detector. The photocathode was a conical shel l  of nickel subs t r ake ,  
I 
the interior of which was coated with CsI. This substance has been found 
by Lukirskii e t  al .  (1960) to have an extremely high photoelectric q u a ~ t u r n  
efficiency for X-radiation. The photocathode was held a t  a potential of 
-10 kV. The scintillation detector used a plastic scintillator mounted on 
a lucite light pipe, and viewed by a 14-stage photomultiplier. The se in-  
tillator was coated with a film of vacuum-deposited aluminum; the aluminum 
film was a t  ground potential. 
Incident X-radiation struck the interior of the conical cathode 
causing, with high probability, the emission of one or more photoelectrons, 
The conical shape of the photocathode substrate structure and the planar 
shape of the aluminum filter over the scintillator formed a n  electrostatic 
lens which directed the photoelectrons into the scintillator. This produced 
enough scintillation light to be detected by the photomultiplier with reason- 
able efficiency. 
b) Experimental Procedure 
A schematic representation of the AS&E grazing incidence X-ray 
telescope experiment is shown in Figure 3. The instrument used a grazing 
incidence system of mirrors (an X-ray telescope) which formed a n  image 
of the sun on the Aperture Wheel in the focal  plane of the te lescope,  The 
wheel contained four apertures of two different s i z e s  (one arc-minute and 
four arc-minutes) which determined the spat ia l  resolution of the optical 
system. The Aperture Wheel was programmed to s tep  automatically be- 
tween complete scans  of the sun,  or to s tay  a t  any  desired position, A s  
the OSO-IV pointed section scanned the sun,  the solar image moved over 
the Aperture Wheel. Only X-radiation from that  region of the sun a t  whie h 
the instrument was pointed passed through the aperture for further ana lys i s ,  
The X-radiation from a single picture element subsequently 
passed through one of three filters in the Filter Wheel located immediately 
behind the Aperture Wheel. The fi l ters,  together with a fixed filter in the 
optical path of the X-ray telescope and the reflection properties of the 
telescope i tself ,  permitted analysis  of X-radiation in three waveleligth 
0 0 
bands. These were approximately: (a) 2.5 to 12 A, (b) 2 .  5 to 11 A, and 
0 (c) 2.5 to 9 A .  The Filter Wheel could be programmed to s tep  automatically 
between complete scans  of the sun. It cycled through four positions: three 
filter positions and a calibration position. It could a l s o  be programmed to 
s tay a t  any desired fixed position. Beyond the filters, transmitted X-ray 
quanta struck the photocathode where photoelectrons were emitted and were 
then accelerated into the scintillator viewed by a photomultiplier tube, The 
counts accumulated between data sample times were thus proportional to 
the number of X-rays emitted from the corresponding picture element of r h e  
sun. A total of 1920 such s e t s  of accumulated counts comprise the data 
from one complete scan of the sun. 
The pulses from the photomultiplier were subsequently counted 
and the result  telemetered to  the ground. These s e t s  were reconstructed 
on the ground into a n  array of 48 by 4 0  numbers which constitute a n  X-ray 
map of the sun. The position of a given number in the array corresponds 
to a unique position on the sun and the magnitude of the number comesponds 
to i t s  brightness in X-radiation. Data accumulation time was 0 .14  seconds 
a t  each raster position. Due to readout delay time, the actual  time interval. 
required to accumulate the data for one X-ray filtergram was 5 . 1 2  minutes, 
Thus, i f  the filter Wheel was cycling (as was usually the c a s e ) ,  2 0, 5 
minutes elapsed between consecutive filtergrams through the same fi l ter ,  
Table 1 l i s t s  the instrumental characterist ics of the OSO-IV telescope ex-. 
periment. 
The initial output "raw raster" consisted of solar X-rays, back- 
ground counts due to spacecraft generated noise (a function of raster posi- 
tion), and energetic charged particle counts. The latter counts depend upon 
spacecraft orbital position and time, but are independent of raster position, 
To determine the number of true counts due to solar X-rays, N, a s  a function 
of raster position, one must subtract from the raw raster an  "average back- 
ground raster,  " which contains the spacecraft generated noise and the average 
charged particle counting rate. 
The average background ras ter  was generated from raster scaris 
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utilizing an Fe calibration source, instead of the X-ray filters, in the 
optical path of the telescope. Rasters obtained when the spacecraft was 
passing through the South Atlantic Anomaly were removed entirely from data 
processing . 
The number of true counts, N, accumulated during the 0, 14 
second live time interval between data words is related to the spectral  
distribution function, 9 ,  a t  the spacecraft by the expression: 
Po0 
N (a, b ,  t ,  T) = 0.14  A F (b,X, t ) 4  (a, t ,  T,X) dX 
where a = Aperture Wheel index, indicating the angular 
resolution mode of the experiment; 
b = Filter Wheel  index, indicat ing the  t ransmiss ion 
f i l ter  in posi t ion,  and thus speci fy ing a n  ef fec t ive  
wavelength passband;  
t = Time; 
T = Spectral  parameter indicat ing the  nature of the  
source  spectrum: 
A = Sensit ive collect ion area  of the  t e l e scope  aperture;  
0 
X = Independent variable,  wavelength,  in  A; 
= Spectral distr ibution function of radiat ign a t  the 
spacecraf t  (units a r e  photons/cm2-sec A): and 
F = Instrument de tec t ion  eff iciency function. 
TABLE 1 
OSO-IV INSTRUMENTAL CHARACTERISTICS 
0 
SPECTRAL RANGE: * 2.5 - 12 A 2 (2 .  35 pgm/cm beryllium filter) 
0 
2.5 - 11 A 2 (1. 4 p gm/cm hflylar filter) 
0 
2.5 - 9 A  2 (9.4 p gm/cm beryllium filter) 
SPATIAL RESOLUTION: 1 arc-minute 
4 arc-minute 
TIME RESOLUTION: 5.12 minutes 
20 .48  minutes 
3 2 MINIMUM SENSITIVITY: 2 x 1 0  photons/cm -sec 
* The wavelengths presented represent  the  nominal passbands  for t h e s e  
f i l ters .  The a c t u a l  wavelengths t o  which the  instrument responds  are 
a function of the  form of the  incident  X-ray spectrum. 
The function of F (b,X , t) i s  expressed by 
where r = Telescope reflectance; 
6 = Time-varying part of the photocathode detection ef- 
ficiency, calculated from the in-flight calibration 
mode; 
q = Photocathode detection efficiency i. e .  , the probability 
that one count will be recorded upon irradiation by a 
single photon of wavelength A; and 
x = Filter transmission function 
The function F (b,X , t) for the three filters used in this experiment appear 
in Figure 4. Details of construction, calibration procedures, and computer 
analysis  of the OSO-IV telescope instrument are available elsewhere 
(Giacconi e t  a l .  1968: Giacconi e t  al .  1970). 
3 .  Location and Size of X-ray Emitting Regions 
a )  X-ray Emitting Regions 
A typical raster scan  of the sun (Figure 5) shows eight different 
regions a s  sources of solar X-ray emission. The 9 .1  c m  and CaK spectro- 
heliograms of the same date  are  presented for comparison. A s  was originally 
noted by Chubb e t  a l .  (1961), the X-ray emitting regions are associated 
with solar act ive regions, and can be identified with their CaK counterparts. 
All act ive regions visible on the 9.  1 cm spectroheliogram are  apparent on 
the X-ray filtergram. No extra radiation is observed from the general corona 
a t  the limb other than that attributable to active regions. Therefore, the 
X-ray brightness of the coronal limb in the instrumental passband* is less 
2 2 
than 150 photons/cm -sec-(arc-min) . 
2 
*When no filter passband is specified the results  refer to the 2 .  3SP9/crn 
Be filter. 
There i s  a substantial range in the X-ray emission of individua 1 
active regions. The total photon flux observed from region 9034,the bright- 
4 2 
e s t  region shown in Figure 5, is (4. 6 + . 2) x 10 photons/cm - sece  Tihe 
3 2 
flux observed from region 9035 is only (3.8 - t . 8) x 10 photons/cm --see, 
Thus the range in X-ray flux in the detector passband is a t  l eas t  a factor 
of 1 2 .  Moreover, several of the active regions observed in CaK are be- 
low the threshold of sensitivity of the X-ray experiment a t  this time (ap- 
3 2 proximately 2 x 10 photons/cm -sec) .  The physical conditions in t he  
various active regions must differ for this to be the case .  The ratio of 
the areas  observed in CaK for regions 9 034 and 9 035 is  only 2 . 2  (Solar - 
Geophysical Data Bulletins); therefore, unless the vertical structures of 
these active regions are  very different, either the temperatures or densit ies 
of the X-ray emitting portions of these two active regions must be different* 
b) Vertical Extent of Active Regions 
High resolution solar X-ray images (Vaiana e t  a l .  , 1968; Vaiana 
and Giacconi, 1969 ; Van Speybroeck e t  al.  , 1970) obtained with a rcrelcet- 
borne telescope indicate that the X-ray emitting regions extend to substant ia l  
heights in the corona. The resolution of the OSO-IV telescope is Insuffi- 
cient for a direct measurement of the vertical extent of an active region, 
However, the vertical extent of an active region can be estimated by ob- 
serving the time a t  which the region becomes completely occulted by t h e  
solar limb due to rotation. The vertical extent is then calculated geometrically, 
In general, the time a t  which the X-ray intensity from the active region dirsps 
below the threshold sensitivity of the X-ray telescope is known to + 20,  5 
- 
minutes. The uncertainty is never larger than 95. 8 minutes. The vertical 
extent of the emitting region is calculated from the heliographic coordinates 
of the center of the underlying CaK region and the solar rotation rate , = 
2 13.39 - 2. 7 s in  X (degrees/day!(Allen, 1964), where X i s  the heliographic 
latitude. Closely spaced regions of similar heliographic latitude, b u t  
different heliographic longitudes, are difficult to  distinguish at  the limb, 
Consequently, we have eliminated such cases  from consideration far t h i s  
analysis .  
Using data obtained between October 19 67 and March 19 68 ,  we 
were able to determine the time of first appearance a t  the  ea s t  limb of 6 X-ray 
emitting active regions and the time of disappearance a t  the  wes t  l i m b  of 
11. Measured vertical  extensions ranged from 19,000 km to 19 3,000 krn . 
The results  are tabulated in Table 2 .  
Wende (19 69),  on the bas i s  of Explorer XXXV and Mariner V 
4 data ,  derives a half height of 7.6 x 10 km for region 9034 at the wes t  l i m b .  
4 
This is in  reasonable agreement with our value of 11.8 x 10 km for t h e  fu l l  
height of the X-ray emitting region. 
Two major sources of error are present in  our es t imates .  First  
the X-ray output of active regions is highly variable. Therefore, the pos- 
sibility ex is t s  that  the X-ray emission of the  active region could drop below 
the threshold of detectability because of time variations before the point of 
geometrical occultation is reached. This would result  in  3n underestimate 
of the height of the active region. We have attempted to  minimize the 
possibility of this  error by considering only the brightest X-ray emitting 
regions. In four c a s e s ,  where activity observed later might be  attribuzed to 
the region assumed occulted we  have l isted our observed value a s  a lower 
limit estimate of the height of the region. Second, we have assumed that  the  
top of the X-ray emitting region i s  located directly above the center of t h e  CaK 
plage. An uncertainty i n  the height estimate proportional to  the longitudinal 
extent of the active region is thus introduced. 
In Table 2 w e  have l isted the CaK area of the active regions a s  
observed near central meridian passage .  If we  assume that the outline of 
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the base  of the X-ray emitting region conforms, in general, to the outlines 
of the CaK plage (as observed by Vaiana e t  a1. , 1968), that the topologies 
of a l l  X-ray emitting regions are  similar, and that the region does not 
change in s ize  between the center of the disk and the limb, then the 
vertical extent of a region should be  proportional to  the square root of 
i t s  CaK area. It is evident that this relationship does not hold. T"cwouEd 
therefore appear that the topology of the X-ray emitting portions of act ive 
regions differ from region to  region a s  would be expected i f  the structure 
of the X-ray emitting region is dependent on the detailed configuration 
of the magnetic field. VanSpeybroeck e t  a l ,  , (1970) have shown this to be  
the case.  
c) Size of Flares 
One can estimate the s i ze  of X-ray flares observed on the disk 
by comparing the observed X-ray intensity profiles with the expected resporse  
of the telescope to sources of various s izes .  We have examined the intensity 
profiles of 42 bright X-ray flares observed between 27 October 1 9 6 7  and 
3 December 1967. For each of these events the diameter of the telescope 
field stop was one arc-minute. We have compared these intensity profiles 
with those calculated from the response of the telescope for circular sources 
of various diameters (Zehnpfennig e t  al .  , 1967). Figure 6 i s  a histogram of 
the relative frequency of occurrence of the measured full widths a t  half 
maximum intensity (FWHM). The mean value of the FWTHM is  1 . 5 1  arc- 
minutes, which corresponds to a source diameter of 1.24 arc-minutes, The 
standard deviation of the distribution is 0 .30  arc-minutes. We have compared 
the measured FWHM of the X-ray intensity distributions with the corresponding 
values of the measured area in Ha for the 24 X-ray events from this sample 
which were l isted a s  Ha events in the SolarGeophysical  Data Bulletins, There 
is no apparent relationship between the measured area in Ha and the observed 
width of the X-ray distribution. If the jitter in the OSO-IV pointing control 
(about 0.25 arc-min) is taken into account, the observed X-ray intensity 
distributions are consistent with source dimensions of one arc-minute of less, 
In a similar manner we have examined the intensity profiles of 
10 bright X-ray flares observed a t  the limb. The mean value of the ob- 
served FWHAA is 1. 64 arc-minutes which corresponds to a source diameter 
of 1 . 3 5  arc-minutes. The standard deviation of the observed distribution 
of limb flare FWHM i s  0. 38 arc-minutes. Therefore, the vertical extent 
of the X-ray flares observed by the OSO-IV telescope would a l s o  appear to 
be on the order of one arc-minute. 
From the OSO-IV results ,  it would appear that the majority of 
the soft X-ray flux from flares i s  emitted from regions whose characteeristic 
dimensions are  l e s s  than one arc-minute. We can therefore s e t  an  upper 
limit on the volume of the X-ray emitting region for the observed flares of 
29 3 
about10  c m .  
4. Time Variations in X-ray Emission from Active Regions 
a )  The Range of Variations in the X-ray Emission of a n  Active Regior, 
The magnitude and variety of the changes in the instanQaneous 
X-ray emission observed from an individual active region can be noted by 
examining a plot of the time history of such a region over a period of 
several days (Figure 7). Each point on the plot is the integrated number of 
X-ray counts received from the active region during a raster scan, taking 
the telescope response function into account. The ra tes  a re  normalized 
in order to compensate for temporal changes in the detector efficiency. 
Table 3 l i s t s  the 32 active regions whose time histories were followed, 
The most notable features of the time history plots a re  the existence of 
significant variations in X-ray counting rate in the absence of flares,and 
the extreme range of variability in the instantaneous X-ray counting rate, 
Even i f  flares are  not considered, thesX-ray counting rate for an individual 
active region varies considerably during a single passage across  t h e  d i s k ,  
The non-flare X-ray counting rate of region 9073,  for example, (shown i:.i 
Figure 7 )  rose by a factor of twenty in a period of four hours and then slowly 
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fell back to approximately twice i t s  original value over a period of four 
days. In fact ,  the r ise  in the counting rate of region 9073 was larger 
than i s  indicated in the figure. Region 9 073 was unresolved from the 
adjacent weaker regions, McMath 9066 and 9067, until the lat ter  regions 
rotated away from the e a s t  limb on 11 November. The r i se  in X-ray counting 
rate is attributed to region 9073 which was actually behind the limb i n  Ha, 
because (1) no Ha event was observed in conjunction with the X-ray event 
from either region 9066 or 9067, and (2) the later X-ray time history of region 
9073 showed i t  to  be substantially more act ive than the other two regions, 
Variations of a factor of ten in the non-flare X-ray counting rate of a n  active 
region over a disk passage are  typical of the active regions which we ob- 
served. 
When flares are  included, the total variation between the  h ighes t  
counting rate shown in the figure (15.6 minutes after the X-ray peak of t h e  
importance 3b flare of 2130 UT on 16 ~ o v e m b e r )  and the lowest rate shown 
(0513 UT on 10 November) is 160. In order to extrapolate back to "re peak 
of the X-ray flare, we use the fact that the X-ray intensity of the 1.6 November 
flare fell exponentially with a time constant of 17.5 minutes. T h i s  would 
indicate a maximum range in the 2.5 to 12 2 X-ray intensity of a factor of 
400 in a seven day period. This range is typical of that exhibited by solar 
act ive regions during periods of flare activity. For the period 27 October 1967 
to 6 January 1968, the maximum range of X-ray flux variation exhibited by a n  
individual active region during a passage across  the disk was shown by the 
region corresponding to McMath-Hulbert Plage No. 9091. This region was  
3 2 below the threshold of detectability, 3.8 x 10 photons/cm -sec,  until 
24 November 1967. On 2 December 1967, 0652 UT, we observed a flare with 
6 2 
a peak X-ray flux of 6.5 x 10 photons/cm -sec. Thus, the range in X-ray 
flux was a t  l eas t  a factor of 1700. 
b) Time Behavior of Active Regions 
The time history of a n  individual act ive region (Figure 7) i s  
comprised of variations in X-ray intensity whose durations range from 
several  minutes to  several  days. The shortest  of these are  associated with 
solar flares. The longest duration events presumably contribute to  the slowly 
varying component of the solar X-ray emission in spatially unresolved observ- 
ations. The intermediate time sca le  events are  l e s s  noticeable in measure- 
ments of the total solar X-ray flux, however, such enhancements are  quite 
noticeable in the spatially resolved data from the OSO-IV X-ray telescope,  
Intense,  X-ray flares are  immediately obvious on the plot of the time history 
of the X-ray emission of a n  act ive region (Figure 7). Such events appear a s  
a sequence of a few points with substantially higher X-ray flux than the mean 
level of emission from the act ive region immediately before or after, During- a 
six-month period commencing in la te  October 19 67, more than 1,  000 s ta t is t ical ly  
significant events were recorded by the OSO-IV detector. Because the interval 
between comparable measurements (20.5 minutes) is of the same order of 
magnitude a s  the duration of these flare events (see ,  for example, the data, of 
Teske, 1969), the probability of observing the peak of an  event is relatively 
low. Consequently, the flare enhancement in X-ray emission observed by th i s  
experiment i s  l e s s  than the actual  enhancement. 
In general, the time profiles determined from the OSO-IV data are 
affected by the presence of unresolved rapid fluctuations in X-ray brightness 
caused by flares. Figure 8 i l lustrates this point. The time history of t h e  X-ray 
emission in the three OSO-IV wavebands is shown for two act ive regions. Also 
shown are higher time resolution, 2 to 1 2  8 total solar X-ray flux measurements 
for this period (Drake e t  a l .  , 19 69), and 2 800 MHz radio flux measurements 
(Covington, private communication). One effect of the low time resolution of 
the OSO-IV instrument is to  increase the apparent duration of the impulsive 
X-ray flares. However, the X-ray images allow the identificiation with cnly smaEE 
ambiguity of the active regions responsible for the flare X-rays. Moreover, 
by comparison with high time resolution data,  i t  is easy  to dist inguish those 
portions of the OSO-IV data which are  affected by the impulsive X-ray bursts,  
By means of comparisons between the OSO-IV data and higher time resolution 
total solar X-ray flux measurements, we have been able  to distinguish periods 
in which the time history of a particular act ive region is relatively unaffected 
by unresolvable fluctuations. 
For convenience in analysis ,  we have chosen to  divide observed 
X-ray events arbitrarily into three c l a s s e s  on the bas i s  of their durations, 
Events of duration l e s s  than 8 hours are  termed "flares".  Events of duration 
greater than 24 hours are called " slow variations ". Events with intermediate 
duration are termed " long enduring brightenings " . Although, the bounds of 
these c l a s se s  are  established arbitrarily, i t  is plausible to expect that a t  
l eas t  two, and possibly three, different physical mechanisms are  involved in  
producing these three c l a s s e s  of events.  In general, the time sca les  of fkare- 
associated soft X-ray events are  sufficiently short that such events might be 
regarded a s  the dissipation of energy "dumped" in the lower corona by s o n e  
impulsive process (see for example, the analysis  of Hudson e t  a l . ,  19691, On 
the other hand, slow variations lasting several  days require a more gradual 
energy input. The intermediate c l a s s  was established to accommodate events 
of duration longer than flares but short compared to the slow variatiorrs, Four 
such events a re  depicted in Figure 9 (the X-ray time history of region 9 034 
from 28 October to  1 November 1967). Large X-ray flares a re  superimposed on 
two of these events. The relationship between long enduring brightenings of 
the active region and the occurrence of large X-ray flares tends to justify our 
classification. We have selected the 18 impulsive X-ray events with peak- 
2 
observed flux in the 2.5 to  1 2  8 waveband (2. 35rgrn/cm beryllium filter) greater 
6 2 
than or equal to 2.5 x 10 photons/cm -sec which w r e  observed during the 
period 27 October 1967 to  12 May 1968. Three of these events occurred a t  
times when the non-flare level  of X-ray emission from the act ive region mias 
below the threshold of sensit ivity of our detector. The time behavior of the 
act ive region before and after the 15 remaining events was examined. In all1 
15 c a s e s ,  the large flare occurred during the course of an  X-ray brighteningr 
of duration between 16 and 18 hours. Smaller X-ray flares,  however, are  l e s s  
well associated with the long enduring brightenings. 
Mre have a l s o  examined 16 easi ly  identifiable long enduring X-ray 
brightenings. Of these,  only 9 produced major X-ray flares with peak flux 
6 2 greater than 2.5 x 10 photons/cm -sec. In fact, no impulsive X-ray events 
were observed a t  a l l  in the c a s e  of three of these gradual X-ray brightenings, 
An examination of the fas t  time resolution total solar X-ray flux records of 
Explorer XXXV  rake e t  a l . ,  1969) in the 2 to 12 2 band and OSO-I11 in t h e  
1 to 1 .6  2 band (Hudson e t  a l ,  , 1969) confirm these results .  Therefore, we 
conclude that the existence of a long-enduring X-ray brightening seems to be 
required for the occurrence of large impulsive X-ray flares,  however, t h e  
existence of such a gradual X-ray brightening does not necessari ly imply 
that such a flare or indeed any X-ray flares will occur. The observations of 
long enduring brightenings which are  not associated with X-ray flares rules 
out the possibility that such events represent the post flare s ta te  of the active 
region. 
In Table 4 we l i s t  some of the observed characterist ics of the 
three event c l a s se s .  The quantities l isted are typical of the range of rneasure- 
ments made on 49 flares, 16 gradual events ,  and 18 slow variations. The ranges 
of duration of the three c l a s se s  a re  defined. The peak X-ray counting rates,  are 
extrapolated from the observed time behavior of the event. The total number of 
observed counts in the detector pas sband is obtained by numerical integration 
of the event time profile. The r ise  and decay times are  the time constants sf 
exponential fits to the event counting rate profiles observed through the 2, 35pgm/ 
2 
cm beryllium filter. The peak spectral  hardness index is the percentage ratio 
2 
of the counting rate measured through the 9. 4rugm/cm beryllium filter to the rate 
2 
measured through the 2 ,35~gm/cm beryllium filter a t  the peak of the event, T h e  
spectral  hardness index increases a s  the X-ray spectrum becomes enhanced in 
shorter wavelength photons, i. e .  , a s  the effective temperature of theX-ray spectrum 
increases . 
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Examination of Table 4 shows that the total number of photons 
observed in the detector passband for each  of the three event c l a s s e s  is 
roughly comparable. The lower peak fluxes of the longer time sca l e  events 
a re  compensated by their longer durations. The peak spectral  hardness for 
the event c l a s s e s  decreases  a s  the duration increases ,  implying higher temper- 
atures for the more impulsive events,  but there is substantial  overlap, 
c) Spectral Behavior of Active Regions 
Mre have attempted to  fit the rising and falling portions of long 
enduring X-ray events and slow variations to  exponential curves. This was clone 
independently for the three different X-ray filters. In general, the exponential 
r ise  and decay times a re  found to  be shorter for the same event observed thm-ough 
the thicker filters than through the thinnest. For example, in the c a s e  of t h e  
long enduring event observed a t  the e a s t  limb from region 9 073 a t  163 0 UT, 
10 November 1967 (Figure 8) the r ise  time a s  observed through the 2 . 3  S p g m / c m  2 
beryllium filter (2.5 to 12 8) is 73 2 5 minutes. The r ise  time measured for t h e  
2 9 .4~gm/cm beryllium filter data (2.5 to  9 8) is 5 1 - t 7 minutes. S i m a r  the 
decay times are  325 2 25 mintues for the thinner filter and 2 60 - t 2 0 minutes for 
the thicker filter. Thus, the X-ray spectrum becomes enhanced in higher ecergy 
photons a s  the event r i ses  toward maximum intensity, i. e. , the effective temper- 
ature of the act ive region increases.  During the decay phase the spectrum softens, 
This behavior has been noted for nine c a s e s  in which there is a s ta t is t ical ly  
significant difference in the characterist ic times for the two beryllium filters, 
In one c a s e ,  the characterist ic r ise  times in the two filters were equal within 
the s ta t is t ical  uncertainties. In 12 other c a s e s ,  the s ta t is t ical  uncertainties in  
the counting rates through the thicker filter prevented measurement of a mea ninq-ful 
difference in the characterist ic times. No events were observed in which the 
spectrum softened towards the peak of the event. 
In Figure 10 we plot the relationship between the counting rates 
2 
measured through the 2.35 gm/cm beryllium filter and the spectral  hardness 
index for the slow variation of the bright act ive region shown in Figure 7 ,  
The rcla t ions hip between spect ra l  hardness and X-ray counting ra te 1s 
0 
monotonic within the experimental errors. If we a s s u m e  tha t  2 . 5  - 1 2  A 
X-rays a r e  produced by thermal mechanisms,  the  spec t ra l  hardness  index 
will b e  related to the temperature distr ibution of the emitting p lasma,  The 
exac t  form of this relat ionship depends  on the s h a p e  of the  X-ray spectrum 
a s  a function of temperature including the ef fec t  of emiss ion l ines .  The spec t ra l  
hardness index will  a lways  inc rease  with increasing temperature. The  X-ray 
counting ra te ,  on the other hand ,  is a function not only of the  temperature d r s -  
tribution, but  a l s o  of the total  emiss ion measure. In the  temperature range 
between one  and 10 million degrees ,  the  counting ra t e  in the OSO-IV passband 
varies a t  l e a s t  a s  s trongly a s  the second power of temperature. The counting 
ra te  from a n  a c t i v e  region is l inearly proportional to  the  emiss ion measure of 
the region. This implies that  the  OSO-IV instrument is more s e n s i t i v e  to changes  
in temperature than t o  changes  in emiss ion measure. The monotonic relatronship 
between the counting ra te  in the  OSO-IV passband and the spect ra l  hardness  
index shown in Figure 1 0  implies tha t ,  for the s ix-day period plotted in Figure 7 ,  
the variations in the X-ray counting ra te  of the ac t ive  region were a s s o c i a t e d  
with variations in i t s  temperature distribution. In f ac t ,  most of the  variat loa~ i n  
the counting ra te  can  b e  accounted for by  the  temperature variation. Because of 
uncertaint ies  in the spect ra l  r e sponse  of the instrument in orbit,  and the lack of 
exac t  knowledge of the form of the X-ray spectrum, i t  is difficult to  determme the 
exac t  variation in emission measure of a n  ac t ive  region during a non-flare X-ray 
increase .  A change in the emission measure of the region of more than a factor of 
three would, however, b e  inconsis tent  with the data shown in Figure 7 and 10, 
Thus, both measurement of re la t ive  time constants  in two wavebands 
and direct  spect ra l  hardness measurements indicate that  most non-flare varjat lons 
0 
in ac t ive  region X-ray emission in the 2.5 - 12A band a r e  a s s o c i a t e d  with changes  
in the average  temperature of the emitting plasma. In a s imilar  manner Cu lhane  
and Phillips (1970) have interpreted the  d e c a y  phase  of X-ray f lares  a s  a cooling 
of the emitting coror.al plasma. It would appear  then that  the  average  temperature 
of the coronal ac t ive  region c a n  change over charac ter is t ic  time s c a l e s  ranging 
from minutes to days .  
The differences in 2.5 - 1 2  8 X-ray counting rate between one 
act ive region and another are  due both to  spectral  differences and to differences 
in the total emission measure of the regions. For example, during t h e  period on 
10 November 1967, shown in Figure 8,  the X-ray counting ra tes  observed from 
region 9047 were a factor of f ive higher than the ra tes  observed from region 9 073 
a t  the same value of the spectral  hardness index. Since equality of spectral  
hardness implies equality of average temperature, the total emission measure of 
region 9047 must have been a factor of five larger than that of region 9873 a t  the 
time of the measurements. 
5. Relationship between X-rays and Other Solar Emissions 
a )  X-ray and Ha Flares 
In general, individual X-ray impulsive events a r e  associated with 
individual Haflares. Teske and Thomas (1969) have shown that, with only one 
possible exception, a l l  Haflares of importance one or greater are  accompanied 
by an  impulsive soft X-ray event. Most, i f  not a l l ,  subflares are  a l so  accompanied 
by detectable X-ray emission. 
The reverse correlation is not quite a s  obvious. Many X-ray events 
occur in active regions which a re  a t  or beyond the limb in Ha. Thus the  Haevent, 
i f  any, accompanying a particular X-ray event may be unobservable. W e  have 
selected a s e t  of X-ray events for which there was a high probability that any 
accompanying Haevent could be observed. The center of intensity of the  X-ray 
event was assumed to overlie the center of i t s  CaK region. The center of the 
CaK region was required to be within 75O of the central meridian. The  max imum 
X-ray counting rate observed from the central 1 arc-minute of the flare image was 
required to be above a threshold which (for a typical flare image) would correspond 
5 2 to a photon flux integrated over the flare image of 6.3 x 10 photons/cm -set, 
The time of the X-ray peak was required to be  within a period of Haflare patrol, 
Between 27 October 1967 and 12 May 1968, 97 impulsive X-ray events were 
observed which satisfied these conditions. A search was then made of the  
solar flare l ist ings in the Solar-Geophysical Data Bulletins. An X-ray event 
was considered to have a n  Hacounterpart i f  a n  Haflare or subflare was found in  
the active region producing the X-ray event,  with the time of Ha maximum occurring 
within 10 minutes of the X-ray maximum. Hacounterparts were identified for 9 2  
X-ray events. These Hcu events varied in  importance from -f to 3b. 
In Figure 11 we have plotted the peak observed X-ray intensity 
integrated over the flare image a s  a function of HCY importance classification.  
Although there may be a tendancy for large X-ray events  to  be associated with 
HN flares of greater importance, a large range of H a  importance classifications 
can  be covered a t  moderate X-ray intensit ies.  I t  should be noted that  the actual  
X-ray peaks of these flares may in some c a s e s  be larger than the values plotted 
because of the time resolution of the OSO-IV telescope. However, the magnitude 
of the underestimate of the X-ray flux introduced is substantially l e s s  than  the 
range of X-ray fluxes covered by a single HCY importance classification,  
I t  would appear that virtually a l l  X-ray events with intensity a t  1 
5 2 
a. u. in the detector passband greater than 6. 3 x 10 photons/cm - sec  are  
accompanied by H a  flares. However, these  resul ts  show that the importance 
classification of Ha  events and the peak X-ray emission associated with a 
particular event are not well correlated. This lack of correlation cannot be 
explained entirely by the time resolution of the OSO-4 instrument. A more 
quantitative index of H a  emission is required before chromos pheric and corona 4 
flare phenomena can be compared. 
b) X-ray Active Regions and the Slowly Varying 
Component of the Radio Flux ' 
The general correlation between solar soft  X-ray emission and 
microwave emission is well  known (Kundu, 1965). We have already mentioned 
the correspondence in  location between the X-ray emitting regions and the 
sources of the 9. 1 cm radio flux. Several observers (Reidy e t  al. , 1968; 
Chubb e t  al.  , 196 1) have noticed the general correlation between the peak. 
radio brightness temperature, T of a solar active region and i t s  X-ray flux, b' 
We have compared the 9 .1  c m  peak brightness temperature sf act ive 
regions measured by the Stanford Radio Astronomy Institute (Solar Gesphysica?l 
Data Bulletins) with the value of the X-ray photon flux measured by t h e  OSO-171 
telescope a t  the same time. Figure 12 shows this comparison. Measurements 
made during impulsive X-ray flares have been omitted. There i s  a strong 
tendancy for high X-ray flux to  be accompanied by high T however, there is b ' 
a significant scat ter  in this relationship. One could conjecture that  th is  
scat ter  is due to the variations between act ive regions. On the other hand, 
i t  i s  easi ly  shown that even for a single active region, the relationship 
between 2. 5 to 12 8 photon flux and 9. 1 c m  T is not monotonic. Figure 13 b 
shows the trajectories on the Nx, T plot of individual regions of highactivity. b 
In Figure 13a, the X-ray flux of region 907 3 actually decreases  a s  the radio 
brightness temperature increases.  The trajectory of another active region 
(McMath 9091) i s  shown in  Figure 13b. Here in general, the X-ray counting 
rate i s  proportional to the radio brightness temperature; however, there appears 
to  be a large jump in the constant of proportionality over a one day time interval. 
Although the behavior of these  two regions is different, both types 
of behavior may be  understood, a t  l eas t  qualitatively, in terms of a model i n  
which both X-rays and microwaves are emitted thermally from the same plasna.  
The behavior of other act ive regions was intermediate between these two extreme 
cases .  
During the period between 10 November 1967 and 15 November 1 9 6 7  
spectral  hardness data was obtained for region 9073. This data implies in  the 
context of a thermal model that the emission integral of the region remained 
relatively constant while the electron temperature decrea sed. If the emitting 
region is considered optically thin to  3. 1 c m  radiation and if this radiation is 
emitted by the thermal brems strahlung process, the radio brightness temperature 
should increase a s  the X-ray intensity decreases ,  Tb-T - 1/2 (Kundu, 1965). This 
i s  the behavior shown. On the other hand, the generally linear relationship 
between T and X-ray intensity for region 909 1 might indicate that the temperature b 
of this regiqn remained constant while the emission measure increased, The jump 
in X-ray intensity a t  constant radio brightness temperature might indicate a n  
increase in temperature, accompanying a continued increase in  emission me asure. 
The ensuing decrease in both T and X-ray intensity might indicate a drop in  b 
emission measure a t  constant temperature. Unfortunately, spectra 1 hardness 
information was not obtained during this period and s o  the temperature behavior 
of the region is unknown. The region was born on the disk on 2 4  November 
and the interpretation of the  X-ray and radio behavior i s  consis tent  with 
s low emergence of the corona 1 region through 28 November, a sudden rise 
in  temperature, and then the  gradual occultation of the region a s  i t  passed 
the limb on 1 December. 
The behavior observed for region 9073 is inconsistent  with a 
model in which the region is optically thick to  10 c m  radiation. If the re-" 
gion were optically thick, the observed decrease  i n  both the spectra l  hard- 
ne s s  and X-ray flux would have been accompanied by a decrease  rather 
than an  increase in  radio brightness temperature. 
c) X-ray Events and Microwave Bursts 
Several observers (Teske and Thomas, 1969; Wende, 1 9 6 9 ;  
Donnelly, 1968; Neupert e t  al .  , 1969) have studied the  relat ionship be- 
tween soft  X-ray flux increases  and microwave radio bursts. Detailed 
correlation for any but the largest  events  has  been hindered by the l ack  
of spat ia l  resolution and a l s o  the concomitant low signal-to-noise ratios,  
This problem i s  al leviated by imaging X-ray detectors,  such a s  that  of 
OSO-IV, in  that  the region responsible for the X-ray emission can be 
identified and analyzed independent of the X-ray flux from other act ive  
regions. 
A s  a preliminary step,  we have es tabl ished the s ta t i s t i ca l  re- 
lat ionship between reported 10 c m  radio bursts and the soft  X-ray events 
observed by the OSO-IV telescope. During the period 27 October to 
3 December 1967, 6 2  dis t inct  outstanding events of a l l  c l a s s e s  a t  2700  
and 2800 MHz were reported by Covington, Gagnon and Moore (1968). 
For this analysis ,  we have considered complex events a s  single events.  
Fifteen events occurred while the spacecraft  was  either within the ear th ' s  
shadow or pas sing through regions of high trapped particle flux. X-ray 
brightenings of a t  lea s t  two standard deviations in  the flux from an individua I. active 
region were observed in conjunction with 43 of the  remaining 47 outs tand-  
ing even t s  a t  10 cm. Three of the  four radio burs t s  tha t  were not observed 
to b e  X-ray even t s  were of duration less than the  307 s e c o n d s  necessa ry  
to complete a so lar  scan .  None of the  radio burs ts  which were unobserved 
-2 2 -2 -1 
in X-rays exceeded 4 x 10  watts-m -Hz in peak f lux a t  2800 M H z ,  
Thus, of the 39 centimeter-wave radio burs t s  of duration longer than five 
minutes, 3 8 produced not iceable  X-ray brightenings. Similarly, 37 sf t h e  
-22 - 2 
38 centimeter  radio burs ts  with peak flux grea ter  than 3 x 10 watts-m - 
-1 Hz produced noticeable X-ray brightenings regardless  of duration. VTe 
therefore cons ider  i t  to  b e  reasonably  cer ta in  tha t  a n y  radio event  of longer 
-22 -2 -1 duration than 5 minutes and greater  peak f lux than 4 x  10  watts-n: -Hz , 
has a n  observable X-ray counterpart.  
Kawabata (19 60) has  pointed out the  s t a t i s t i c a l  correlat ion be- 
tween long enduring microwave radio burs ts  (both gradual  r i s e  and fall 
burs ts  and pos t  burst inc reases )  and sof t  X-ray flux enhancements.  We 
have examined the relat ionship between a spec i f i c  long enduring micro- 
wave burst  a t  2800 MHz and the  corresponding X-ray event .  
During the  period 165 0 UT t o  2 03 0 UT on  1 0  November 1 9  67 
(shown in Figure 8 ) ,  Covington, Gagnon and Moore (1 968) d is t inguish  two 
separa te  radio events  a t  2800 MHz. One is a complex event  which we 
a s s o c i a t e  with the  impulsive X-ray burs ts  observed b y  the  so la r  X-ray f l ux  
monitors on Explorer XXXV. Most of t h e s e  impulsive burs ts  c a n  b e  at tr ibuted 
to region 9047. The second microwave event  is a gradual r i s e  and iaBl 
radio burst  (s imple 3A\ which we a s s o c i a t e  with the  X-ray brightening of 
region 9 0 73. 
In Figure 14 we show the  time his tor ies  of the  2800 MHz simple 
3A burst {Covington, private communication) and the X-ray brightening of 
region 9073, If the a s soc ia t ion  of the radio event  with the  X-ray event  is 
correct ,  we see that  the X-ray brightening begins  sl ightly earl ier  than t h e  
radio burst  and continues for much longer. The X-ray in tens i ty  r i s e s  
two standard deviat ions above the previous mean level  a t  1640 UT. T h e  
radio burst  i s  l i s ted  a s  s tar t ing a t  1650 TJT (Covington e t  a l .  , 1968)"  T h e  
duration of the radio burst  is given a s  220 minutes. The time of the  peak 
of the X-ray event  is somewhat uncertain,  but  i t  is c l e a r  tha t  the  peak of t h e  
radio burst  occurs 20 to  40 minutes before the  peak of the X-ray event ,  T h e  
presence  of th is  subs tant ia l  time de lay  would appear  to  argue a g a i n s t  mode l s  
in which the long enduring radio burst  and long enduring X-ray burst  are  
produced by the same mass  of plasma by a thermal p rocess .  
6. Discuss ion 
The time histories  of individual ac t ive  regions indicate tha t  
0 
even  in the a b s e n c e  of f la res ,  the 2 .5  - 12 A X-ray output of a region c a n  
vary by a s  much a s  a n  order of magnitude. The X-ray spectrum of an  active 
region becomes harder a s  i t s  X-ray f lux inc reases  and softer  a s  i t s  X-ray 
flux dec reases .  Thus, not only f la res  but  s lower ac t ive  region changes  a s  
well ,  involve variat ions in the temperature distr ibution of the emittfng rs'ia srna . 
Comparison of the X-ray flux and 9 .  1 cm radio br ightness  of individual a c t i v e  
regions i s  general ly cons i s t en t  with this  interpretation. 
The OSO-IV X-ray te lescope observations contribute to a crude 
es t imate  of the energy budget of the coronal portions of an  ac t ive  region.  
The majority of the energy radiated by the corona is emitted in the  form or' 
X-ray l ines  and continuum radiation. Therefore, the OSO-IV te l e scope  05- 
serva tions a r e  measurements of the radiat ive l o s s e s  of individual coronal 
ac t ive  regions. It is cons i s t en t  with the  observations reported here to 
6 cons ider  a typical  qu iescen t  ac t ive  region a s  having a temperature of 3 xl O K 
48 -3 
and a n  emission measure on the order of 10  cm . A region might be ex- 
pected t o  remain in th is  s t a t e  for approximately three rotations. Some ac t ive  
regions were observed b y  OSO-IV for a s  much a s  5 rotat ions,  while other were 
observed for only one  rotation. Using the r e su l t s  of a recent  calculat ion of 
the coronal X-ray spectrum by Tucker and Koren (1971), we find that a 
coronal active region with the parameters estimated above will radiate 
25 2.2 x 10 ergs/sec. Thus, the total energy radiated by the coronal par- 
tion of the active region excluding flares and long enduring bursts will be 
32 
on the order of 10 ergs. Noyes e t  al .  (1970), have estimated the con- 
ductive flux in the transition zone below quiescent active regions to  be 
6 2 
approximately 3 x 10 ergs/cm -sec. Higher resolution solar X-ray photo- 
graphs from rockets (Vaiana e t  a l . ,  1968; Vaiana and Giacconi, 1369; 
Van Speybroeck et  al .  , 1970; Krieger e t  al .  , 1970) show that the general 
outline of coronal active regions observed on the disk resembles that of 
the corresponding Hcu and CaK plages. Therefore, using the average CaK 
area from Table 2 ,  and ignoring the effects of possible unresolved details  
in the structure of the bases  of coronal active regions, the power conducted 
2 6 downward would be typically about 5 x 10 ergs/sec. If these assumptions 
are realist ic,  the energy losses  in the coronal portions of quiescent active 
regions are dominated by conduction. 
During a typical long enduring X-ray event (for example, Figure 
7 or 9) the X-ray counting rate from an  active region in the OSO-IV tele- 
scope waveband is increased by a factor of 5 to 10 above i ts  quiet level, 
If there i s  no change in emission measure, this would correspond to a peak 
6 
temperature during a large event of about 7 x 10 K,  using the spectra com- 
puted by Tucker and Koren folded into the OSO-IV spectral response shown 
in Figure 4. However, the total power radiated by such an event a t  a l l  
25 
wavelengths would only increase to 3 x 10 ergs/sec. Most of the in- 
creased counting rate observed by OSO-IV i s  produced by the shift in the  
X-ray spectrum toward shorter wavelengths. An examination of active region 
X-ray time histories indicates that an active region may be undergoing a 
long enduring X-ray brightening approximately 1 0 % of the time. Therefore 
the total energy radiated by the active region in the absence of flares is 
increased by only about 5% by long enduring X-ray hrightenings. Kow- 
7/2 ever, if the conductive power is roughly proportional to  T , an in- 
6 
crease in temperature from 3 to 7 x 10 K results  in an  increase in conductive 
loss  rate by a factor of 2 0 and, i f  long enduring X-ray brightenings fake  
10% of the total lifetime of the act ive region, the total energy require- 
ments of the coronal active region are  tripled. 
The contribution of impulsive X-ray flares to  the total energy 
loss  from the coronal portion of active regions is probably small with the 
possible exception of the giant flares which are observed only a few times 
in each solar cycle. In order to estimate the energy radiated in flares,  we 
note that over the 18 days of observation of region 9073, between 25 and 
50% of the total counts observed in the OSO-IV telescope passband were 
emitted during flares, where the uncertainty is primarily due to the time 
resolution of the instrument. On the other handyif we assume that the pealc 
b 
temperature of flare events i s  on the order of 20 x 10 K, reference to the  
X-ray spectra of Tucker and Koren (1971) and the OSO-IV telescope spectral 
response (Figure 4) indicates that flares are  detected approximately 2 5 times 
a s  efficiently a s  quiescent active regions. Thus only about 2% of t h e  total 
radiated energy appeared in the form of flares. The contribution from un-  
resolved flares of duration l e s s  than 20 minutes is probably no greater than 
the same magnitude. 
The total energy radiated by the coronal portion of the active 
region during i t s  lifetime i s  not much greater than the energy radiated in 
32 the absence of flares and long enduring bursts,  a few times 10 ergs,  
The total energy conducted downward during the lifetime of the region can 
be estimated to be an  order of magnitude larger, although the detailed 
configuration of the magnetic field could either increase or decrease this 
figure substantially. These energy losses  must be balanced by energy 
inputs. Mechanical heating by wave dissipation i s  generally considered 
to be the major source of energy input to both the quiet corona and active 
regions, excluding flares. One can a s k  whether the slow dissipation of 
the magnetic field in the coronal portion of the active region might also 
contribute. It appears that from the point of view of energetics, t h e  
radiative losses of the coronal active region could be accounted for by 
the dissipation of a field of 50 gauss filling a nominal volume given by 
10 20 2 the average vertical extent, 10 cm, and the Ca K area, 10 c m  . 
However, if the conductive losses are a s  large a s  we have estimated, 
then considerably more energy is required. 
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Figure 1. AS&E pointed X-ray telescope experiment. 
WAVELENGTH 1 ( % I  
Figure 2 .  Computed te lesc  e reflection efficiency normalized to t h e  value 
measured a t  8 .3  
DETECM CHAMBER 
APERTURE WHEEL -10 keV 
I lnLu I ILI LI\ 
Y-DAV TCI CCPADC / FILTt 
1 6 c m  DIAM. X 16.0 cm. 
A R E A  9 
.- . .-. 
C l Y c n  C I I  TED / EXTERNAL PHOTOCATHODE: 
E V r n A T E D  CsI  
Ohl NICKEL 
SIZE APRON.  (2.5 cm13 
GROUNDED 
ALUMINUM FILM 
PLASTIC 
SCINTILLATOR 
LIGHT PIPE 
MYLAR 
APERTURES: 1' AND 4'  
FILTERS OF 1 1 2  mil B e ,  2 m i l  Be ,114 mil MYLAR 
AND CALIBRATION SOURCE Y 
Bt I 
COMM AN 0- 
LINE PM H1 
-10 kt" 
SC POWER 
CLOCK 
READOUT 
END OF RASTER CIRCUITS - 
Figure 3 ,  Schematic drawing of "EP grazing incidence X-ray telescope ex- 
periment on the 050-IV pointed section. 
1 2.35pgm / c m 2 ~ e +  FIXED FILTER 
WELENGTH x (%I  
Figure 4.  Instrument de tec t ion  eff iciency function for the  three filters used 
in the experiment. 


SPECTRAL HARDNESS 
TYPICAL ERROR B
A
RS 
2-i- 
C 
-
 
111'11111 
OSO IV- 
2 2.35pgrn/cm Be FILTER 3 io 
X 1.4 pgrn/cm2 MYLAR FILTER 
0 9 . 4 / ~ g r n / c r n ~  Be FILTER 
EXPLORERXXXV 
OTTAWA 
2800 MHz A A 
h Figure 8. Solar activity from 10 November, 08 UT,  to 11 November 1967, 
Ogh UT. The top half of the graph shows the X-ray activity from 
two active regions a s  observed on OSO-IV. The Bottom half  
shows tracings of data from Explorer XXXV (2-12 A) and t h e  2 800 
MHz radio flux. 
TYPICAL'ERROR BARS 


9.1 crn RADIO TB ( O K  1 
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Figure 13. Time behaviour of the X-ray photon flux from two individual 
active regions a s  a function of 9. 1 cm radio brightness temper- 
ra ture. 
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ABSTRACT 
The r e s u l t s  of ca lcu la t ions  of the  0. 5 - 70 X-ray spectrum of a high-  
temperature, low -density plasma a r e  presented.  The temperature range f s 
8 o 6 x 1 o5  - 10 K, and  t h e  e lementa l  abundances  charac te r i s t i c  of t h e  solar 
corona have b e e n  assumed.  W e  have considered the  p rocesses  ef l i ne  
emiss ion  following e lec t ron co l l i s iona l  exci ta t ion ,  radiat ion resul t ing  from 
recombination, bremsstrahlung,  and two-photon d e c a y  fo l l sv ing  t h e  excita- 
t ion of the  metas table  2 3  s t a t e  i n  hydrogenic and  heliumlike ions ,  
"Present address :  U. S. Army Stra tegic  Cornrnunications Command, Fort 
Huachuaca ,  Arizona. 
INTRODUCTION 
W e  present  here the resul ts  of calculations of the 0. 5 - 70 # X-ray 
spectrum of high-tempera ture, low -density plasma having a n  electron tern- 
5 o perature in  the range 6 x 10 - l o 8  O K  and elemental  abundances equal  to 
those genkrally believed to  ex i s t  i n  the so la r  corona. We have made t he  
usual  assumptions of steady-state conditions and negligible absorp"c9n and 
have considered the processes  of l ine emission following electron collisionaB 
excitat ion,  radiation resulting from recombination, bremss trahlung, and t h e  
two-photon decay following the  excitat ion of the  metastable 2 2  s t a t e  i n  
hydrogenic and heliumlike ions.  
Apart from differences in  the va lues  assumed for some of the  cross- 
sect ions ,  these  calculations differ from previous ones (Culhane 1969 ;  Eandini 
and Foss i  1970, and references ci ted therein) primarily in that  we have in- 
cluded a large number of l ines ,  some 459 in  a l l ,  and in the consideration of 
the two-photon process.  I t  turns out tha t  th is  la t ter  process i s  not too i im- 
portant, s o  our resul ts  for the continuous spectrum are  not significantly 
different from those  of Culhane (1 969) and Landini and Foss i  (1 970). Haw- 
ever, because of the much larger number of l ines  considered, our results 
for the tota l  spectrum differ somewhat from those of Landini and Fossi  (1970) 
with regard t o  both the relat ive importance of l ine  radiation versus  eontinuurn 
radiation and .the detailed shape of the spectrum. 
In 5 I1 the  b a s i c  assumptions and equations employed i n  the caicuia- 
t ions a re  d i scussed ,  and in  5 I11 the  resu l t s  a re  presented i n  t h e  form of 
tables  and  graph.^. 
11. BASIC EQUATIONS AND ASSUMPTIONS 
The Discrete Spectrum 
In a low-density plasma such a s  the solar corona, l ine emission results 
from down,ward radiative transitions following the population of a n  excited 
level  ei ther by recombination or by inelas t ic  collisions. The emitted photon 
may be resonance absorbed and reemitted, but w e  assume here that  i t  
eventually e scapes  from the hot plasma. 
i) Line Emission following Electron Collisional Excitation 
The X-ray emission l ines  in the coronal spectrum are  produced primarily 
a s  a resul t  of this  process. The energy emitted per unit volume per uni t  time 
due to e x c i t a t i ~ n  of level  - n follawed by a downward transition to a level  - n" 
is given by 
where N 
-2 
E nn8)  5 2- 
is the 
is the 
electron density,  
energy of the l ine  
is the %, 2 
9 Qz,z(~) is 
density of ion species Z, g, 
the cross-section for excita 
- - 
of the level  - n from the ground s ta te ,  - v is the electron velocity, and the 
angular brackets denote an  average over a Maxwellian distribution of elec- 
tron velocit ies.  Excitation cross-sections are  often expressed in  terms of 
the coll ision strength 0: 
L 
where k is the indicent electron energy i n  rydbergs and a is the Bohr 
-i - -0 
radius. Since Q is a slowly varying function of energy, the ra te  of radiative 
energy l o s s  per unit volume for spec ies  Q and transition 2-2' i s  given 
approximately by 
X exp  (-EZ, (n)/kT) - 3 - 1 ergs cm sec 
where T i s  the  electron temperature in  millions of degrees,  <Q> i s  a n  ap- 
-6  
propriate average value of the coll ision strength which is approximately 
2 
equal  t o  i t s  value a t  k = 1. 5m; % ZO is the excitation energy of t h e  
-i 
-9 - 
l eve l  %I, is the ion&ation potential of hydrogen: and B(nnB) is a branching 
ra t io  the fraction of decays  of excited s t a t e  - n that  lead to  the final 
s t a t e  2'. 
In  order to  compute the intensi ty  of l ine  radiation as a function of 
temperature, one needs  to  know the density,  the abundances of the  elements,  
the ionization equilibrium, the coll ision strengths,  the wavelengths of the 
l ines ,  and the  excitat ion energies. 
Abundances of the elements appropriate to  the solar corona were taken 
t o  be  (Pottasch 1967; Jordan 1966a,b): -- A_(log g) = H(12. OO), He( lk .  301, 
C(8. 70), N(7. 80), O(8. SO), Ne(7. 60), Mg(7. SO), Si(7. 701, S(7. 301, Ca(6.. 30), 
Fe(7. 70), and Ni(6. 70). 
As pointed out by Pottasch, the abundances relative to hydrogen are 
uncertain by about a factor of 3 due t o  uncertainties i n  the methods for de -  
termining the hydrogen number density. We  have adopted a value far 
N(S~)/N-(H) of 5 x 1 o - ~ ,  which is the value suggested by Jordan and used 
- 
by Landini and Foss i  (1970) and Culhane (1969). 
Jordan's (1 9 69, 197 0) calculations of the  ionization equilibrium were 
used. She included the processes  of col l is ional  ionization from the  gror?nd 
s ta te ,  col l is ianal  excitat ion followed by autoionization, radiative recom- 
bination, and dielectronic recombination reduced by a density-dependent 
* 
term. This la t ter  term was  computed for a particular model for the solar 
chromosphere and corona according t o  which log N T - 14- 90 for log T < 6. TO, 
--- 
- w 
log N = 8. 30 for log T >  6. 10. 
-e -- 
- 
A comparison of her resu l t s  with resu l t s  of similar calculations in  which  
the full dielectronic recombination ra te  was  used indicates that  the population 
of a given ionization s t a t e  may sometimes be changed by a s  much as  a 
factor of 4, but for ions  which make important contributions to  the X-ray 
spectrum of the  solar  corona the effect  is usually l e s s  than 10 - 2 0  O/C* It 
should a l s o  be noted that  for these  ions,  the difference between the resul ts  
of Jordan and other similar calculations (Allen and Dupree 1969; Cox and  
Tucker 1969) is a l s o  small, not more than 20  %. 
For calcium, we  used the ionization-equilibrium calculations of 
Burgess and Faulkner (private communication). In these calculations the 
processes  of coll isional ionization from the ground s ta te ,  radiative recorn - 
bination, and dielectronic recombination were included. 
In  Table I the atomic data used to  compute the line intensi t ies  are 
l isted.  The energy levels  needed for the calculations were obtained fsorr! 
Kelly (1968), Chapman (1969), Connerade (1970), Moore (1949, 1952), 
Widing and Sandlin (1 9 68), Walker and Rugge (1 970), Rugge and Walker 
(1970), and Evans and Pounds (1968). Where necessary,  energy levels  
were determined by isoelectronic interpolation and extrapolation. The 
specif ic  reference for each  l ine is given in Table 1. The l ines  referenced 
WS (Widing and Sandlin), RW (Rugge and Walker) and EP Evans  and Pounds)  
have been observed in  the solar corona. 
For the s ake  of convenience,  we often lumped several  levels  together. 
Thus, for example, the effective excitation energy for transitions "s levels  
with principal quantum number n greater than or equal  t o  5 was  assumed to 
- 
be the energy of the - n = 5 level,  and the effective wavelength of the l ines  
resulting fram transitions from these  levels  to a lower-lying level  w a s  a s -  
sumed to be equal  to  the wavelength of the transit ion from the n = 5 level, 
- 
A similar procedure was  a l s o  used for many of the transitions in complex 
ions with levels  of the same n ofJen being lumped together, We indicate 
- 
in  Table 1 the wavelength regior! over which these  l ines  will be d i s  trkbuted, 
Also given i n  Table 1 a r e  "effec t ive  co l l i s ion  s t rengths"  or t h e  product 
of t h e  co l l i s ion  s t rength  52 and the  branching ra t io  B. The c ross - sec t ions  for 
exc i t a t ion  of the  2~ l e v e l  of hydrogenic i o n s  have been computed recent ly  
by  Beigman, Vains htein, and  V i n o g r a d ~ v  (1 970). Their r e su l t s  for the exc i t a -  
t ion of the  2 2  l e v e l  a r e  i n  agreement wi th  the  r e s u l t s  of Burgess (19 61) to  
within abou t  2 0 %. Values of the  c3 l l i s ion  s t rength  which approximate the 
r e s u l t s  of Beigman et al .  (1970) t o  within 30 % were  adopted, i. e ,  , 
2 
<a (12, 2p) > = 1. 5 / 2  . The c ross - sec t ions  for the exci ta t ion  of the higher-n - 
l e v e l s  should s c a l e  approximately according t o  where f(n) is the  o s c i l l a t ~ r  
s t rength  for the  t rans i t ion  t o  l e v e l  n from the  ground s ta te .  Recent eafcula- 
t ions  by Krinberg (1970) for the  hydrogen atom ind ica tes  tha t  t h i s  is a good 
2 
approximation. Hence,  w e  have assumed  that  < n ( l  -9 s 32) > = 0. 2 4 / 2  - , and 
2 
<Q( l2 ,  4p)>  = 0. 084/2 - . All t rans i t ions  t o  l e v e l s  highter than - n = 5 were  
lumped together and a s s i g n e d  t h e  energy of t h e  - n = 5 level ,  and the c o l l i s ~ o i i  
s t rengths  summed over all bound l e v e l s  wi th  - n 2 5. 5 s o  that  <Q(l  s,  n r 5. 5 ) >  
- - 
2 
= 0. l l / ~  . For the  al lowed t rans i t ions  i n  heliumlike ions,  w e  s c a l e d  the 
co l l i s ion  s t rengths  from the  hydrogenic v a l u e s  according t o  f(n)/E(n). Re- 
3 1 
cently,  it has  become c l e a r  tha t  magnetic-dipole ( S- S) and intercornbination 
3 1 ( - P- - S) t rans i t ions  a r e  a l s o  important i n  heliumlike ions.  Gabriel  and Jordan 
(1969) have computed the  expec ted  in tens i ty  of t h e s e  l ines  re la t ive  tc the 
1 1  
allowed ( - P- - S) t rans i t ions ,  and  w e  have u s e d  their  values.  The relaxive 
strength of the  magnetic-dipole and  t h e  intercombination l i n e s  is a funciini-i 
9 
of dens i ty  e x c e p t  in the  limit of very low d e n s i t i e s  N < < 1 0  . We have 
-e 
- 
used t h i s  low -density limit in  our ca lcula t ions .  
" For l i thiumlike ions ,  w e  used  the  r e s u l t s  of Bely (1966a, b) for 2s-31  
- - - 
and 22-41 exci ta t ions .  For the  exc i t a t ion  of l e v e l s  wi th  n 2 5,  the eoll i s i c n  
- 
s t rengths  were  obtained i n  the  s a m e  manner a s  for the highly exci ted  s ta tes  
of hydrogen and heliumlike ions.  For berylliumlike ions  we assumed  rha t  
the  co l l i s ion  s t rength  w a s  e q u a l  t o  twice  tha t  of the  corresponding lithiramlike 
ion. For boronlike ions  we used the coll ision strengths calculated by Bely 
and Petrini (1970) for the  excitation of 2 p n l  - transitions in  lithiurnlike :ions, 
For the other ions  containing from two to  five 2 2  electrons ir? the ground s ta te ,  
we  scaled the coll ision strengths from the boronlike values  according to  
f(n)/E(n). W e  used the resul ts  of Bely and Bely (1967) for the neonlike ions 
of iron and nickel, and those of Bely (1967) for the sodiumlike and rr.r;gnesium- 
l ike  ions. 
We have not considered the l ine emission resulting from the excitation 
of - K-shell electrons of ions having one or more electrons in  the n = 2 shell. 
- 
For a Maxwellian gas  such a s  we are  considering here, the ratio 3f "she power 
in  these  l ines ,  p(K), to  the power in l ines  produced by excitation of he l iuml ike  
ions of the same spec ies ,  e(He-like) i s  given approximately by 
where K g )  - is the K-fluorenscence - yield. I t  is a rapidly increasing function 
of - Z ; e. g. , &(lo)  = 0. 00963; K(16) - = 0. 06; K(26)  - = 0. 30. From equations 
(3) and (4) one s e e s  that  K-lines - may be important in  a narrow temperature 
range where N(z) > - N(He-like) and kT - E(K) , the excitation energy for ,the 
- 
inner-shell electron. Such a region does not exist except for the high-Z 
- 
elements such a s  iron. In c a s e  of iron we find that  the K-lines are inportant  
- 
7 7 in the range 10 r - T s 3 x 10 where they a re  a t  most  about 20 "/, a s  powerfuE 
a s  the heliumlike ions;  outside this  range they make a negligible contribution, 
ii) Line Emission following Recombination 
- Line emission is a l s o  produced by the recombination of an  electron 
excited s t a t e  followed by a radiative transition to the ground s ta te ,  For t h e  
steady-s ta te  conditions here, the number of recombinations must equal. the 
number of ionizations,  which wil l  always be l e s s  than the number of excita- 
tions t o  the f i rs t  excited state.  Therefore, recombination radiation will not 
dominate the strong l ines ,  and wil l  usually be negligible. I t  can  be s howr  
that  the l ine radiation resulting from radiative recombination is never i m -  
portant; however, in  some c a s e s  l ine radiation following dielectrca~~ic  re- 
combination makes a nonnegligible contribution. 
In the  dielectronic recombination of a n  electron to  a n  ion, the ion is 
s tabi l ized by radiative transit ions which eventually take the ion into the  
ground state.  In general, th i s  will  involve the emission of a t  l e a s t  two 
line photons, s ince  the recombination process leaves  the ion in  a doubly 
excited s t a t e  _n,". The rate  of radiative energy l o s s  per unit volurne due  
to  the de-excitation of the ionic core in the s t a t e  n can be approximated 
- 
by the expres sion 
pd i (nn", n'n", T) = N N d i  L, Z, z E (nn') a (n) , e Z, z t l  Z, z Z, z 
d i 
where cu (E) is the rate coefficient for a dielectronic recombination in z& 
which the ionic core i s  excited t o  the s ta te  n. Note that  to  the extent t h a t  
- 
the influence of the electron in the s t a t e  n" can be  neglected the photons 
- 
produced by th i s  process will have a n  energy equal t o  the energy of pho1:ons 
resulting from the coll isional excitation of the ion z t o  the s ta te  n. Vxing 
- - 
;he oeneral  formula given by Burgess (1965) for adi n), one can  relate 
d i e x  -2 z - z C  
EL z z (E", n-'n", TJ t o  I?, (nn', T). The recent  work of Shore 11 969) 
-9 -9 - d -9 - 
indicates that  for transitions in which the principal quantum number changes, 
Burgess ' s  resul ts  a re  systematically too large. From the values  tabulated 
by Shore for recombination to  hydrogenic ions ,  one finds that  Shore? re- 
-1;. 5 
combination ra tes  a re  related to Burgess's ( a  ) by a = 3 cu z B for 2 6. B- 
If we  assume that  this correction factor appl ies  t o  a l l  transit ions rn w h i c h  
the principal quantum number changes,  then one has approximately 
4 -1 3 2 3 x 10 T6 ( z t l )  /[ 1 t 0.1 (zt1)tO. 01 ( z t l )  1 ,  H- ,  He-like 
d i  e x  P, /PL = R = (6) 
-5 -1 4 x 10 T6 (24-113, a l l  others. 
From Jordan's (1969) ionization tables ,  one sees that, for hydrogenic and 
heliumlike ions ,  a n  ion - z is not present in any appreciable concentration 
2 -2 
unless  -6 T > - (z+l )  - / l o o ,  s o  that  R r  10 (z+l) for 2 5 15, Kc= 0, 3,!(g+i> 
- 2 for z> 15. In a n  analogous manner we  find for the other ions  that - R a ZO 
( z t l )  for a l l  - z h 25. 
The de-excitation of the electron in  the highly excited s t a t e  n" i s  more 
- 
complicated, s ince in  this c a s e  one has  to  take into accound the rate of 
population of the various - l "-levels of the  s t a t e  - n" 9 and the cascade  prob- 
abi l i t ies  to  the lower s t a t e s  - nl"l"'. - In order t o  obtain a rough estimate of 
the relative importance of this  porcess,  we  assume that  the branching ratio 
for the rate of population of a s t a t e  - n"" - '" due t o  dielectronic recombinauicrn 
followed by cascade  is equal  to  the branching-ratio rate for coll isional ex-  
citation from the ground state.  Then the ratio of the power produced in. a 
given l ine by these processes  can be approximated by 
R' ( z )  = R ( z )  exp [ (EZ, (n"') - E ~ ,  z+ l  (n ")/kT) 1 s 
Since in general E &'I )  < EZ z+l - 1 (nu) ,  we  have g (2) < &(g). 2, z -7 -
bJ The Continuous Spectrum 
The continuous X-ray spectrum of a hot, dilute,  optically th in  plasma 
is due to  three processes:  bremsstrahlung, radiative recombination, and 
two-photon decay of metastable s t a t e s  of hydrogen and helium. 
i) Brems s tra hlung 
" In a hydrogenic approximation the energy emitted per unit t i m e ,  volune, 
and wavelength interval due to encounters of Maxwellian e l e c t r ~ n s  a t  a tern- 
perature - T with ions of atomic number Z and charge z is given by 
- - 
d E ~ ,  Z, z d P ~ ,  Z, z 2. 04 x 10 2 -2 2 N 
- 
d tdVd .X - dX (TI = A' T ,'I2 
(7)  
3 - 1 X g (A, z, T) exp (-144/X T ~ )  ergs  (cm sec & B 
where X is i n  8, and qg (X, z, T) is a n  averaged bremsstrahlung Gaunt  factor 
of order unity which has  been computed by Karzas and Latter (1961). " S h e  
bremsstrahlung spectrum of a plasma which is a mixture of a number s f  dif-  
ferent ions  is obtained by summing equation (7) over a l l  $2. Ic the c a s e  
of the solar  corona it is possible t o  simplify this  summation considerably 
s ince  the principal contributors to  the sum are  hydrogen and helium, both 
of which are fully ionized in  the  solar  corona. The contribution of the other 
elements t o  the sum is small ,  amounting t o  about 6 76, and can ,  to a g ~ o d  
approximat i~n ,  be  treated a s  a constant,  independent of wavelength and 
temperature. One can  then compute the  brems strahlung spectrum from equa- 
tion (71, using the va lues  of the  hydrogen and helium Gaunt factors obtained 
from the graphs given by Karzas and Latter (1961). 
i i )  Radiative Recombination 
If we use  a hydrogenic approximation to the cross-sect ion for radiative 
recombination, then for a Maxwellian electron g a s  with temperature x, the 
emission spectrum due to  captures into the s t a t e  n of a n  ion Z, z is gzven b ~ i  
- - - 
(Elwert 1954; Tucker and Gould 1966; Culhane 1969) 
dE RR, Z, z d P ~ ~ ,  Z,  z -2 3 6 . 5 2 ~ 1 0  
d tdVd X (TI = dX 2 3/2 e H Z , z , n  (T) exp  (-k44/XT 6 1 
T€i 
e rgs  (cm3 s e c  Wl-I 
where X is in angstroms, I is the ionization potential of the s t a t e  
-Z -9 -* z - n 
i n  electron vol ts ,  and 
X 
2 ( 0  = (N 2 Z, 24-1 /NZ) (NZ? NH) (?2n )n(I /I ) exp (0. 0116 I Z, 2, n Z , z s n  H Z, z, 1 (9) 
'6 
- 2 Here ( g 2 n  ) is the incompleted fraction of she l l  2, and we have s e t  ehe re -  
combination Gaunt factor equal t o  unity. To obtain the spectrum of a plasma 
consist ing of a mixture of ions &5,z9 equation (8) must be summed aver all 
ions  and a l l  l eve ls  - n for which I > 12400/X. In performing this sum, 
-z9 2 9  2 
we included sixty-four terms X which consisted of the five or six low- 
-Z z n 
-9 -9 -
est levels  for the more abundant spec ies  and the one or two l ~ w e s t  levels 
for the l e s s  abundant species.  At any given temperature and wavelength 
only a few terms (< 10) in  the sum contributed appreciably to  the spectrum, 
i i i)  Two-Photon Decay of the 2 s  States  of Hydrogenic and Heliumlike I o n s  
Since the excitation ra tes  of the metastable 2 s  - s t a t e s  of hydrogenie 
and heliumlike ions  a re  about one-third the ra tes  for excitation of the  2P 
-"". 
s t a t e s  (Beigman e t  al .  1970), the energy emitted in  the two-photon process 
wil l  be about a third of the energy emitted in  the 2P-1s resonance &ansi"sions 
- - 
of these  ions,  unless  coll isional or single-photon processes  are  more ef-- 
ficient in depopulating the 2 s  - state.  
For hydrogenic ions,  the two-photon transition probability is A(2S-PSI 
- - -  
- 1 
= 8 sec (Spitzer and Greenstein 195 1; Shapiro and Breit 1959). By corn- 
parison, single-photon processes  a re  negligible. The most important C O B -  
l i s ional  depopulation process is proton excitation t o  the 2P s ta te ,  .which 
- 
-5 
ogcurs at a ra te  3 x 10 n T -1/2 -1 
-H-6 sec (Seaton 1955). Thus for coronal 8 
conditions (A - 10 ~ m - ~ :  T - 1) coll isional depopula;ion is completely 
-H -6 
negligible for - Z r 6. The shape'of the two-photon continuum has  been con-  
puted for hydrogen by Spitzer and Greenstein (1951). I t  extends from t h e  
frequency v = 0 to  v = v, = E(ZS)/k, is symmetric a b o u t t h e  central  sym-- 
I 1 1 
metric about the central  frequency - v  and has  a maximum a t  -v To 2 T' 2 
a good approximation the spectral  shape may be  approximated by the %unc"cion 
H ( v / v ~ )  = Y / v  ) ( 1  - v/vT). If w e  assume that  th is  spectra l  shape applies 
- 
- T 3 to  a l l  hydrogens  ions,  thFn the energy emitted per cm per second per ang- 
strom a s  a resul t  of the two-photon decay of the 2 s  - s t a t e  of the ion 1, - % - I 
is given' by 
where X = c/vT and P 3 T is the power per cm in  the L-ar l ine  of t h e  
- - -L&Z- l  
ion & g- 1. 
1 3 In the c a s e  of heliumlike ions  the metastable s t a t e s  2 - S and 2 S m u s t  
- 
3 be  considered separately. Two-photon decay  of 2  - S is unimportant, since 
3 the 2  - S s t a t e  can decay through a single-photon magnetic-dipole transition 
which has  a much larger probability than the two-photon process (Griern 1970; 
Gabriel and Jordan 1970) .  
1 The resu l t s  for the 2 - S s t a t e  a re  very similar to  those for 1.ppidrogecic 
ions. The spectrum is roughly the same, and the transition probability is 
6  
asymptotically equal  to  16(Z  -- 1) , or twice the two-photon decay rate of 
the hydrogenic 2 s  - s t a t e  with nuclear change Z - 1 (Drake, Victor, and Dal-  
- 
garno 1969) .  Thus, coll isional depopulation is unimportant for coronal 
conditions, and the intensity due to  the two-photon continuum is propcrtional 
1 to  the  rate of excitation of the 2  S  from the ground state.  The prababi3i.t;~ 
- 
1 
of excit ing the 2 s ta te  is about one-third the probability of exciting the 
3 1 3 1 
2 P, 2 P, and 2 s t a t e s ,  s o  that  the intensi ty  of the 2 S two-pha"eon con- 
- 
tinuum can  be  computed to  a good approximation by using equation (10)  wi th  
P (2P-15, TJ replaced by EL - 3 1 1 I 
- L , Z , Z - 1  - -9 -9 , (2 P-1 8, El + EL Z, z-2 (2 g- 1 g* 
-9 - - 
3 1 
+ EL, Z, 2-2 (2 g-1 s,TJ. 
- - -  
111. RESULTS 
The resul ts  of the calculation a re  presented in  Tables 2 and 3, and i n  
Figures 1. - 3. In Table 2 we list -log peX 2 (nn' , T)/ge , the negative l o  -LZ,z - 
logarithm of the power in  the l ines ,  a s  a function of temperature. The lines 
a re  l is ted 'accgrding to  ionic spec ies  and wavelengths. The corresponding 
transition can  be found in Table 1. In Table 2 the ions were specified by 
arabic  rather than roman numerals to  s ave  space.  The cutoffs in the  eable 
were determined by the availabil i ty of ionization-equilibrium c a l c u l a t i o ~ s .  
7 o 
This explains why the numbers for calcium ions cutoff a t  10 K in  every 
case.  In the  future, we  hope to  extend the ionization-equilibrium c a l e ~ l a -  
t ions i n  order to eliminate such art if icial  cutoffs. The numbers in Table 9 
refer only to  l ine emission resulting from electron collisional excitation, 
Equations (4) and (6) can be used to  obtain an  estimate of the l ine emission 
produced a s  a resul t  of - K - s  hell excitation and dielectronic recombination, 
To facil i tate computation of radiative-recombination spectra,  we have 
tabulated in Table 3 the recombination sum X_ = C X ( A ,  T)/x6 (see  es. 9) 
-z;,z, 2 
a s  a function of wavelength and temperature. Only the values a t  the edges 
a re  given, s ince  between the edges the sum is constant. Note that  the ratio 
of - S to  the bremsstrahlung gaunt factor CJ, is equal t o  the ratio of recombina- B 
-
tion radiation to bremsstrahlung radiation. Since CJ = 1 - 1. 3 for most  B 
wavelengths and temperatures of interest ,  - S gives  the ratio of recombination 
to  bremsstrahlung emission within a factor of 2. From the numbers given. i n  
Table 3, we s e e  that  for a given temperature T recombination dominates 
- 6"  
bremsstrahlung a t  wavelengths below about 600/T a. For wavelengths 
-6 
larger than this value,  brems stra hlung dominates. 
In Figure 1 we have plotted the spectrum of a coronal plasma for 
several  different temperatures. A resolution of 0. 5 2 was  assumed, and 
some prominent l ines  a re  labeled according to the ion and wavelength, The 
smooth curves show the contribution of the various continuum processes ,  
The processes  of bremsstrahlung (B), radiative recombination (RR), and two- 
photon emission (ZY) are  shown. The dashed l ine  represents the total con- 
3 -10-1 tinuum emission (6).  The spectrum is expressed in  units of ergs  crn /set 
2 
s o  that  multiplication by the emission i n t e g r a l l ~  dV gives the power emitted 
-e - 
- 
per angstrom. 
These figures show the gradual shift  from a l ine  t o  a continuous spec- 
trum and the  concentration of the l ines  toward shorter wavelengths as  the  
temperature increases .  
In Figure 2 the radiated in various wavelength bands i s  plr,t:ed 
a s  a function of temperature. 
Finally, in  Figure 3 the intensi t ies  of several  of the strongestl i ines 
a re  plotted a s  a function of temperature. 
We thank A. Krieger, L. VanSpeybroeck, G. Vaiana, and D. TVebb for 
helpful d i scuss ions ,  H. Chasan for programming a s s i s t ance ,  and 6, iC)Weil"i 
for typing a difficult manuscript. This research was  supported by NASA 
contract NASW-2070 and by the Air Force Off ice  of Scientific Research con- 
t ract  F4462O-71-C-0019. 
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FIGURE CAPTIONS 
0 
Figure 1. The spectrum of a coronal plasma, if a resolution of 0. 5 A i s  
- assumed. Some prominent l ines  a r e  labeled according to ion 
and wavelength. The continuum processes  of brems s t ra  hl.i;rag 
(B), radiative recombination (RR),  and two-photon emiss ion (2 y j 
a r e  shown. Dashed l ine represents the  total  continuum ernissiari 
6 o 7 o (C). (2) x =  1 . 6 ~  106'K; (b) - - T =  5 x  10 K: (c) - - T =  I.. 6 x  lO K: 
7 0 (d) - x =  5 x 10 K. 
Figure 2.  Power radiated in  various wavelength bands as a function of 
temperature. 
Figure 3. The intensity a s  a function of temperature of some of t h e  s tsong 
emiss ion l ines.  (aJ Carbon; (b) oxygen; (2) si l icon; (&I iron, 
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TABLE 1 
Atomic Data Used to  Compute the Ljne Intensit ies 
r- 
Effective 
Wavelcngth Ckcl  tation Collision 
I on Transition C% Energy (ev) Strength Reference 
CVI 1s-np 
Cffec t ivc  
W a v e l e n g t h  Exc i t a t i on  C o l l i s i o l ~  
Ion Trans i t ion  (8) Energy (eV) Strength R ~ i ~ r c i ~ c e  
NVII 1 s -np 19.  4  63 9 0. 002 
1 s - 4 p  19. 8 62 6 002 
1 S-3p 20. 9  593  . 005 RW 
1 s -2p  24. 8 500 . 03 1 R W  
NVI 
Effective 
W a v e l c n y  t!? Exc i t a t i on  Collision 
I on T rans i t i on  (x) Energy (eV) S t rcng  t h  Rcfcrei~ce 
OVIII I s - n p  14. 8 837  0 .  002 R W  
1 s - 4 p  15.  2 81 6 . 002 Rw 
1 s - 3 p  16.  0 7 75 . 005 W W ,  Ci3(C0) 
1 s - 2 p  19. 0 6 5 3 . 023 RW, EP(C0) 
2 OVII 1s -1snp  17.  4 713  . 0 0 4  RTV 
2 
I S  - 1 ~ 3 ~  18.  7 663 .. 009 RW, CP (GO) 
2 1 .  1 s  - l s 2 p (  P) 21. 6 575  . 056 WR, EP(CO) 
Effective 
W avclcngih  Excitat ion Col l i s ion  
I on Transi t ion Encryy (eV) Strength R C ~ C ~ C ~ C C  
- - 
NeX 1s-np 9. 5 1305 0. 0010 RiN 
NeVIII 2 s -nl 52-65. 9 188 
Ef fec t i ve  
W a v e l e n g t h  Cxc i ta  t ion  C o l l i s i o n  
1311 Trans  i t i o n  Energy  (eV) S t r e n g t h  Refcrcnce 
- - 
(8) 
-- 
2 
MgXI I s  - 1 s n p  7. 30  1 6 9 8  0 0 2  (K 1 
2 I s  - 1 s 4 p  7. 47 1 6 6 0  . 0 0 1 6  @ 1 
2 1s - 1 s 3 p  7. 85-7. 8 6  1 5 7 0  , 0035 141' R 
2 1 .  
1s - l s 2 p (  P) 9. 1 7  1 3 5 0  0 2 2  WVJ, E P ( C 0 )  
2  3 I S  - l s 2 p (  P) 9. 2 3  1 3 4 0  . 0 0 7  R W ,  I:P (GO) 
2 3 
I S  - l s 2 p (  S) 9. 31  1 3 3 0  . 017  R W ,  CPfCO) 
MgIX 2s2.4 -2 snQ ' 38-47 2 62 . 0 9 0  iK) 
2 ~ 2 8  - 2 ~ 4 . 4  ' 48-52 237  . 0 9 0  jK) 
2 
2 s  - 2 s 3 p  62. 8  1 9 6  . 092 l/f S 
3 2 s 2 p - 2 s 3 d (  D) 67. 2  2  1 4  . 1 2  VVS 
1 2 s 2 p - 2 s 3 d (  D) 72. 3  2 0 1 .  . 12 'IIV S 
2 s 2 p - 2 s 3 s  77. 7  1 8 9  .11  %A; S 
E f f e c t i v e  
W a v e l e n g t h  E x c i t a t i o n  C311isi~)11 
1011 T r a n s i t i o n  (2) Energy  (eV)  S t r e n g  tli 
SiXII 21  -nQ ' 23.  7-29. 8 
Effccljve 
Wavclcngth Excitation Collision 
Ton Transition (8 Energy ( e ~ )  Strength licfc:rence 
SiVIII 2 3  2 2  2s  2p -2s 2p nd 
SiVII 
Effcctivc 
Wavclcngth Excitation Collisi:,n 
Ion Transition (8) Encrgy (CV) Strength ,Refererice 
SXVI I s - n p  3. 70 3340 0 .  00043 (K 1 
sxv 
SXTV 
SXIII 
E f f e c t i v e  
W a v e l e n g t h  E x c i t a t i o n  C o l l i s i  '311 
I o n  T r a n s i t i o n  (8) Energy  ( e ~ )  S t r e n g t h  Refercnc? 
. - --- 
SXI 2 2 ~ 2 ~  21-  24.  6-26. 8 4 4 1  0. 0 6 7  
2 s2p2P nP ' 
2 2 ~ 2 ~  2 1 -  25. 4-28. 8 4 5 0  . 0 6 7  
2 s2p2L 41 ' 
2 2 2 2 s  2 p  - 2 s 2 p  3p  3 4 ,  2-36. 2 336 . 0 5 4  
SIX 
Effective 
W a v e l e n g t h  Exci ta t ion  Collision 
Ion Trans i t ion  (A) Energy (eV)  S t rength  Refcrcncc- 
- -- 
SVII 2 6 2 s  2 p  - 5 44-50 247 3 0  (K ) 2 s 2 p  2Qn . f '  
2  6 2 s  2 p  -5 51. 8-54. 9 233 . 3 0  (K) 
2 s 2 p  2141 '  
Effective 
Wavglength Excitation C311isi3ih 
1312 Transition (A) Energy (ev) Strength Referencz 
CaXVIII 
Effec Live 
Wavelength Excitation Collision 
I on Transition (& Energy (ev) Strength Reference 
Effective 
VJavclcngth Excitat ion C o l l i s i ~ n  
I on Transi t j  on (XI Energy ( e ~ )  Strength 
Ef fec t i ve  
W a v g e n g t h  Exc i t a t i on  C o l l i s i o n  
I on T rans i t i on  (A) Energy  (eV) S t r eng th  Reference 
2 2 
FcXXI 2 s  2 p  - 2 s 2 p  n p  7. 4  1 4 7 0  0 .  007  
2  2 s 2 z P 2 - 2 s 2 p  4 p  7. 9 1 5 5 0  . 0072 
3 2 2 s 2 p  - 2 s 2 p  nd ,  s 8. 0  1 4 7 0  0 1 2  
2 2  2  2 s  2 p  - 2 s  2pnd 8. 3 1 4 7 0  . 019  
2 2 s 2 p 3 - 2 s 2 p  4 d ,  s 8. 55-8. 9 5  1 3 3 0  0 1 2  
2 2  2  2 s  2 p  - 2 s  2p4d 9. 81  1 5 7 0  0 1 9  GO 
2 2 2  2 s  2 p  - 2 s 2 p  3 p  11. 6-12. 0  1 1 2 0  , 026  C8 
2 2 ~ 2 ~ ~ - 2 s 2 ~  3d 11, 7-12. 3  1 2 6 0  . 046  GO 
2 
2 p  -2p3d 12. 4-12. 7  1 0 5 0  . 1 1  CO 
3 2 ' 2 s 2 p  - 2 s 2 p  3 s  12.. 9  1 1 6 0  . 02 8 
2  2 p  - 2 ~ 3 ~  13. 0-13. 5  955  . 02 6 CO 
Wavelength Excitat ion 
Ion Transi t ion (2) Energy (eV) 
Effective 
Co l l i s ion  
Strength Reference 
FeXVIII 2 5 5 2 s  2p -2s2p np 9. 15  1340 
5 4 
2p  -2p nd 10. 2 1210 
FeXVII 2 6 6 2 s  2p -2s2p np  9. 9 1250 
Effective 
Wavelength Excitat ion Col l i s ion  
1311 Transition (R) Energy (eV)  Strength Reference 
FcXVII 6 5 2p -2p 4 s  12. 7 930  
Effective 
Wavelcngtli Excitation Collision 
T 311 Transition &I Energy (eV) Strength Ref- i.TCnCC3 
Effective 
Wavelength Excitation Collision 
Ton Transitj on 8) Energy (ev) Strength Refererlce 
N iXXVII I 1 s-np 
Effective 
Wavelength Excitation Collision 
Ion Transitioi? (1) Energy ( e ~ )  Strength Reference 
Effective 
Wav%length Excitation Collision 
ion Transition (A) Energy ( e ~ )  Strength Reference 
Effective 
Wavelength Excitation Collision 
Ion Transitjon (2) Energy (eV) Strcngth Reference 
NiXVII 2 6 2  2 s  2p  3  
- 4 1  
10.4-14. 4 9 4 3  0. 10 
2 s 2 p  3 s  
REFERENCES QUOTED I N  TABLE 1 
Lines  o b s e r ~ e d  in  so la r  corona:  
WS: Widing and Sandlin 
WR: Walker  and Rugge 
EP: Evans and  Pounds 
Lines  observed in  laboratory or computed theore t ica l ly :  
(K): Kelley 
(GO): Connerade 
(M): Moore 
(H) : Hydrogenic 
Lines  not  referenced were  obtained by extrapolat ion or inferpola"llo11, 
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F F  7 1  9.81 
N I  7 1  9.Rh 
F F  17 9-00 
F E  19 1 o . m  
Y I  i q  i n . r o  
U I  7 5  10.1-n 
hll 7't 10.0CI 
V I  1 0  i ~ ) . ~ n  
" ' 1  ? 7  1 0 . o c  
F F  17 10.10 
F C  7(? 1 n . 7 ~  
F" 1 4  1 0 . 7 ( ?  
. FIE t n  1 n, 7c 
h.1 ? &  i O . ? C  
? J l  l a?  1 3 - 3 9  
F F  10  \ 0 * 4 C ,  
F F  i u  1 0 , ~ n  
"!I 7;. 1 0 . 4 n  
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Figure 1 
log T 
Figure 2 
log T (Ok) 
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APPENDIX D 
FORTRAN I V  G  L E V E L  19 ' 
C  MKOREN 
M A I N  DATE = 7 1 1 3 1  0 6 / 0 6 / 0 1  
L 
C  I N P U T  
C  NUMT : NUMBER OF TEMPERATURES OF I N T E K E S T  S T A R T I N G  F R O M  T E M P  
C TEMP : THE I N I T I A L  TEMPERATURE OF I N T E R E S T  
C  FOR SOLAR TEMP RANGE I S  5.8 TO 8.0 
C  FOR STELLAR TEMP RANGF I S  5.5 TO 8.0 
C  I S T E L L  = 1 : STELLAR RUN 
C  I S T E L L  = 0  : SOLAR RUN 
C  I O U ?  = 1 RESONANCE L I N E S  
C  I O U T  = 2 D I E L E C T R I C  RECOMBINATION 
C [OUT = 3  R A D I A T I V E  RECOMBINATION 
COMMON / S T E L L /  I S T E L L *  X L L I M v  X L L I M N  
COMMON/ A L I E Z F /  ALAY. I E L T A Y ,  ZETA,  NUMCNT? IONAY,  N A R R h Y  
COMMON / S E T I T /  I T I N I T  r K T  
COMMON/ MAONLP/ JPLI NUMTq NZONHI EDELT,  E L T I O N ,  I Z v  IOQ 
1 OMEGA, FI G 9 IECODE*  I P L O T ,  REFWVL. I F L T I I O U T ,  I F % L L v  
1 TRANS 9 RFWVLO 
COMMON / F X X X /  F X * F X L A M t  I X C N T  
D I M E N S I O N  F X 1 1 9 0 ) r F X L A M (  1 9 0 )  
INTEGER END 
INTFGER CONVRT 
D I M E N S I O N  I E L T A Y ( 7 7 )  A L A M ( 7 7 ) r  Z E T A (  7 7 )  
D I M E N S I O N  T R A N S ( 6 )  
lNTEGER * 2 I O N A Y ( 7 7 ) ,  N A R R A Y ( 7 7 )  
REAL * 4  N Z O N H ( 1 2 )  
D I M E N S I O N  D A T U M ( 1 0 )  
D I % E N S I O N  F L T I O N  1 1 0 , 3 0 r 7 6 l  
DATA NOHtiE / @ N O H H ' / ,  E Y D  / '  FFYD' I  
R E A D l l r  5 0 0 )  NUMT 9 TFMP. ?OUT, I S T E L L ,  DATUM 
I F  ( I S T E L L  .EQ. 1 GO TO 9 0 5  
C  SOLAR ABUNDANCES FOLLOW 
C C r N r N E r O q M G q S I r S r F E v N I v C A r H E  
NZONH( 1 )  = 5 F - 0 4  
N Z O N H t Z )  = 6 .3F-05  
NZONH4 3 )  = 4 E - 0 5  
N Z O N H t 4 )  =3 .1E-04  
N Z O N H I 5 1  =3 .2€ -05  
N Z O N Y f 6 )  = 5 E - 0 5  
N Z O Y H ( 7 )  =2E-05  
NZONHI 8 )  = 5 E - 0 5  
N Z O N H ( 9 )  = 5 E - 0 6  
NZONH1 1 0  ) =  2E-06  
NZONH( 11 1 =. 2 
GO TO 9 0 6  
9 0 5  CONTINUE 
C  STELLAR ARUNDANCES FOLLCW 
C  C r N , N E r n r M G t S [ , S q F E q N I r C A , H k  
N Z O N H ( 1 1  = 4 E - 0 4  
NZONH( 2 )  = I .  1 F - 0 4  
N Z O N H ( 3 )  = 1 E - 0 4  
N Z O N H ( 4 )  =8 .9E-04  
N Z O N H ( 5 )  =2.5E-05 
N Z O N H ( 6 )  =3.?E-05 
FORTRAN PV G L E V E L  19 MAIN DATE = 71131 
NEONH(7) =2.2E-05 
NZBNH(81 =3.7€-06 
NZONH(9) =8,9E-07 
NLQNHf 10) = 1.5E-06 
NZONH ( 11 I = ,  1 
906 CONTINUE 
PRINT 500. NUMT 9 TEMPI IOUTw ISTELL* DATUM 
500 FORMAT (15, F5.01 215, 10A4 1 
IPLOT = 2 
ITINIT = (TEMP + .0000l - 5.51 * 10. 
TDEX = 3 
I= -2 
982 CONTINUF 
I=  li + iDEX 
READ(lr900)IELTAY(I )rIONAY(I )rALAM(I JrNARRAYBI I,%ETA(I 3 
I Q I E L T A Y ( I + l ~ w I O N A Y ( I + L ) ~ A L A Y ( I + 1 ) ~ N A K R A Y ~ ~ + ~ ~ ~ Z ~ T A ~ I + ~ l  
1 r I E L T A Y ( I + ~ ) ~ I O N A Y ( I + ~ J V A L A M ~ I + ~ ~ ~ N A R R A V B ~ + ~ ~ ~ Z F T A ~ I + ~ ~  
980 FORMAT ( 3 (A4rI2r 1x1 F5.29 I ? ,  F4-2 ) ) 
902 FORMAT I A49129 1x1 F7-29 2x9 I2v 2x9 F4.2 1 
M W I T E  ( 3 s  901) 
1 IELTAYlI ),IONAY(I )rALAM(I ),NARRAY(Y Bp l F F A ( B  r 
1 w I E L T A Y C I + l ) r I O N A Y ( I + l ~ 9 A L A Y ( I + l ) v N A R R A Y ~ ~ + ~ ~ ~ Z E T A ~ I + ~ ~  
1 Q I E L T A V ~ I + ~ ) ~ T O N A Y ( I + ~ ) V A L A M ~ I + ~ ) ~ N A R R A Y ~ ~ + ~ ~ ~ ~ F T A ~ U + ~ ~  
I P = I + 1  
I 3 =  1 4 - 2  
WWBVE ( 3 ,  904) I v 1 2 ,  I 3  
904 FORKAT I 70x1 3 1 7  J 
I D E X  = 3 
IF ( IONAYII+Z) .EQ. -1) IDEX = 2 
IF B IONAY(I+1) 1 902' 903, 902 
903 CONTINUE 
NeEMCNT = I 
K T  = 54 
DO 10 J = 19 1000 
REAQ(lr100) I E L T I I D N I I T ~ I F ~ N ~ I E L T I O N I C O N V R T I I E L T ) ~  I O Y  * I - 1 9 
B IT*1O+IF -KT 1 I = 1, N I 
IF B ION .EQ. 301 GO TO 12 
TkOG = IT + .1 * IF 
BTEMP = ION + N - 1 
WRITE13w107) I E L T I I O N I T L O G I N ~ ( E L T I O N ( C O ~ \ ~ V R T ( I E L T ) I & ,  
118 * PO +IF -KT ) ,  I = ION* ITEMP 
EO CONTINUE 
L 2 CONTINUE 
L 00 FORMAT ( A4r 129 1 2 ,  1x1 I l r  1 5 ,  13F5.2 I 
107 FORMAT ( A49 129 F5.19 159 13F5.2 1 
IF ( IPLOT .NEe 7) 
lWRBTE ( 3 ,  102) 
102 FORMAT I '1 SEQUENCE TRAYSITION ELtYFNT ION D F L B A  t F 
B G TEY P P(L1 / N(E) N(H) LPMPDA ( A )  P ( L ) P N f t I * * Z  Q Q )  
PRINT 140 
140 FORMAT ( "ELT ION LAMBDA -LOG POWER IN L I N E S  @ 
1 / '  LOG T= 5.9 6.0 6 . 1  6 - 2  CP,3 
lbebp 6e5 6-6 6.7 6.8 6.9 7.0 7,  1) 7 e  5 7 - 6  
1 8.0E 1 
FORTRAN I V  G LEVEL 1 9  MA 1 N DATE = 7 1  1 3 1  04/06$0%. 
J P L  = 0  
3  1 CONTINUE 
READ( I9 1 3 0 1  I E L T ,  ION, TRANS* REFWVLq EDELTI F 9  G I  IEC03Ev I F I L L  
1 r RFWVLO 
1 3 0  FORMAT( A 4 *  1 2 9  6A4,  FR.3. F 7 - 4 9  F6.2, F5 .21  A49 1 2  P 
1 F 5 - 2  
WRITE(  11) I E L T ,  ION, TRANS* R E F W V L V  EDELT, Fp G 
1 pRFMVLO 
I2  = C O N V R T I I E L T )  
I F  ( IZ .EQ. 99 1 GO TO 4 0  
[ F  t' G 1 3 4 ,  34, 35 
3  4 CONTINUE 
OMEGA = F  
CALL MAINSB ( I T I N I T *  1 )  
GO TO 3 1  
3 5 CONTINUE 
CALL MAINSR ( I T I N I T Q  0 1  
GO TO 3 1  
4 0  CONTLNrJE 
END F I L E  7 
P R I N T  1 5 1  
1 5 1  FORMAT ( 'l LAMBDA RECOMBINATION SUMS 5 
1 / "  LOG T= 5.9 6.0 6.1 h , 2  6 , )  
16.4 6 - 5  6.6 6.7 6.8 6.9 7.0 7 . 1  7 . 2  7-3 7 - 4  
17.5 7.6 8.0 '1  
D O 4 1  J I  = 1 9  NUMCNT 
I T  = I T I N I T  
DO 4 2  I = 1 9  NUMT 
I T  = I T  + 1 
TEMP = ( I T  + KT 1 / 10. 
T  = 1O.**TFMP 
T6  = T  / 1 e E 0 6  
CALL SUMSURt I T ,  J I ,  SUM r T 6  ) 
FX II) = SUM / T 6  
4  2  CONTINUE 
NUMT4 = YUMT - 4 
P R I N T  1 5 0 1  A L A N ( J 1 ) q  I E L T A Y ( J 1 ) .  I O N A Y ( J I ) q  
1 ( F X ( I J l 1  r I J 1 = 2 ,  NUMT41 
1 r FX(NUMT1 
1 5 0  FORMAT ( / FR.2, A49 139  2 x 9  F6 .21  1 X q  18Fh.2 1 
4 1 CONTINUE 
t N D  F I L E  11 
I F  ( I P L O T  ,EQ. 7) CAl  L  PLTXHV ( NUMTq JPL I 
I F  ( I P L O T  .EO. 1 .OR. I P L O T  .EQ. 2  
1 CALL PLOT(  0. Q 0 -  9 9 9 9 )  
RETURN 
END 
FORTRAN I V  G L E V E L  1 9  B L K  DATA DATE = 7 1 1 3 1  
BLOCK DATA 
COMMON/ MAQNLP/ J P L *  NUMT, NZONH. E D E L T Q  E L T I O N ,  I Z I  9 0 N  
1 r OMEGA* F r  G 9 IECOOE, IPLOT.  REF14VL. I E L T * I f l U T 9  I F I L L ,  
1 TRANS r RFMVLO 
COMMON/XLAMLO/ XLMLO, X L Y H I  
D I M E N S I O N  X L M L O ( 5 ) r  X L M H I ( 5 )  
REAL + 4  NZONH( 1 2 )  
D f M E N S I O N  E L T I D N  ( 1 0 * 3 0 r 2 6 1  
DIMENSEON T R A N S ( 6 )  
DATA E L T I O N  / 7 8 0 0 + 9 9 . /  
DATA TRANS / "  ' 9  ' 9  ' ' v  ' ' ' 9  ' ' 1  d 
DATA XLMLO/ 0.1~ 1.5, 8 - 0 1  25.  , 4 4 . / 1  
1 X L Y H I  / 1.5, 8 - r  2 5 0 r  44.9 70. / 
END 
FORTRAN I V  G  L E V E L  19 M A I N S B  DATE = 7 1 1 3 1  
SUBROUTINE MAINSB I I T I N I T q  IClMEGA 
COMMON / S E T I T /  IDUMMY r K T  
COMMON/ MAONLP/ JPL. NURT*  NZONHI EDELTI E L T I O N I  I Z ,  ION 
1 9 OMEGA' FI G r IECODEI I P L O T .  REFHVL. I E L T t I O I J T ~  T F l k b v  
1 XRAYSI RFWVLO 
COMMON / P L 2 W V L /  P L 2 1  XWVL 
COMMON / S T E L L /  I S T E L L *  X L L I M v  X L L l M N  
COMMON / F X X X /  FXsFXLAM.  I X C N T  
D I M E N S I O N  F X ( 1 9 0 ) r F X L A M 1 1 9 0 )  
D I M E N S I O N  P L Z ( 2 8 0 1 ,  XkVL(7'n) 
D I M E N S I O N  X R A N S l 6 )  
D I M E N S I O N  T R A N S ( 6 )  
O l M E N S I O N  E L T I O N  1 1 0 q 3 0 r 2 6 1  
REAL * 4 NZONH( 1 2 1  r 1 1 5 R T  
D I M E N S I O N  P L L ( 3 0 ) r  T T ( 3 0 )  
EQUIVALENCE ( F X L A M I l ) ,  P L l ( 1 )  1 9  ( F X L A M ( 3 l ) r  T T ( 1 )  
DATA TRANS0 / '  ' / 
DATA NOHHE / 'NOHH' / q  EN11 / ' E E U O e /  
DATA I H Y G  / ' H  * / r  I H E / ' H E  ' I  
I F  ( X R A N S t 1 )  .NE. TRANS0 GO TO 6 0  
GO TO 6 1  
6 0  0 0 6 2 I = l , h  
6 7  T R A N S ( [ )  = X R A N S l I )  
6 1 CONT I NUE 
ZRO = 0. 
IFUDGE = 1 
I F  I I F I L L  .EQ. 3  1 IFUDGE = 2 
I F  ( I F I L L  ,EQ. 1 ) I W T  = 1 
I F  ( I F I L L  .EQ. 2 1 I R D  = 1 
I F  ( I F I L L  ,EO. 7 1 RFWINC 5  
I F  ( I F I L L  ,EO. 1 ) RFWINC 5  
I F  ( I S T E L L  .EQ. 1 )  FACTOR = . 7 1 4  * 1.17 
FACTOR = , 7 1 4  * 1.08 
X U P L I M  = -22 .  
X L O L I P  = - 7 6 - 5  
I P L  = 0  
SUMINT = 0. 
INTSUM = 0  
I T  = I T f N I T  
J P L  = J P L  + 1 
DO 5 0  I = l v h U M T  
I T  = I T  + 1 
T L O G =  ( K T  + I T )  / 10, 
T  = 10, **TLOG 
R  = 1. 
I F  ( I O U T  eEQe 3  1 GO TO 1 3  
I F  ( [OMEGA ) 1 0 *  l l r  10 
1 0  CONT 1 NUF 
C Z  = -16. + A L O G l O ( 1 . 8 6 )  + A L O G l O ( N Z O N H ( 1 L I  1 
XLOGPL = CZ + ALOGlO (OYEGA)  + A L O G l O  ( EDELT / 1 3 . 5 3  B 
1 - E L T I O N (  IZ, ION,  I T  ) - 5 0 4 0 -  * EDELT / T 
1 - . 5 * T L f l G  
GO T f l  1 2  
1 1  CONT I NUE 

FORTRAN I V  G LEVEL 1 9  MAINSB DATE = 7 1 1 3 1  
P L 7 4 1 )  = P L 1 4 I P L )  
T T ( I P L 1  ALOGlO( T1  
4  3  CONT I NUE 
I F  ( IWT .EQ- 1 -AND. I O U 1  eEQe 2  t W R I T E ( 5 )  P L Q  
SUMINT = SUMINT + INTSUM * I P L Q t P O )  *. 5 * ( T - T O )  
1 * (  L T+TOO * .5)** (  - 2 . 8 3 3 3 3 3 1  
INTSUM = 1 
PO = PLQ 
TO = T 
7 0  CONTINUE 
I F  [ IOMEGA eEQe I .AND. I P L O T  .NF. 2  1 
1 WRITE(  3 r  1 0 3 1  I E L T ?  I O N *  TRANS, REFWVL, ECJELT, n M E G A ,  L R 0 9  
1 TI XLAM, RN9 PLQ, R  
I F  ( IOMEGA .EQ. 0 .AND. I P L O T  .NE. 2 1 
1 WRITE[  3 9  1 0 3 )  I E L T .  ION, TRANS* REFWVL. EDELT, F p  G 9 
1 T I  XLAN* RN, P L Q r  R 
1 0 3  FOKMAT I A4, 1 x 9  12 ,  1 X v  bA49  1 x 1  2F9 .21  1 x 1  2 F H - 3 9  1 x 9  F I O - Z v  
I 1 x 1  F8 .21  1 x 9  3F13.5 
5 0  CONTINUE 
XLAM = 1 2 4 0 0 .  / EDELT 
I F  t I F I L L  .EQ.-1 ) IWT = 0 
I F  ( I F I L L  , € G I - ?  1 I R O  = 0 
A = ( K T  + I T I N I T  + 1 1 / 1 0 ,  
D = I KT + I T I N I T  + NUMT) / 10. 
INTFSG = 0  
I F  ( INTESG sEQe 1 )  W R I T E ( 3 ,  1 0 0 )  A ,  0 ,  
1 SUMINT, I E L T ,  I l l N v  T R A N S *  Q E F k Y l  
1 0 0  FORMAT( @INTEGRAL FRCM LO** \ F4.1, ' TO \ ( 4 s 1 9  
1 E17.5 9 
1 A 4 r  1 X c  I 2 1  1x9  6 A 4 e  FL3 .3  1 
WRITE ( 7 )  SUMINT, I E L T I  ION, TKAhS, 9EFWVL 
H R l T E  ( 4 )  XLAM r ( P L 2 ( I J r  I= 1, N t J Y T ) , I E L T r  I n N ,  T R A U s ,  K E F d V C  
1 r RN 9 RFWVLO 
P R I N T  1 0 1 ~  I E L T c  ION, REFWVL. ( F X (  I ) ,  I = 2 .  13) ,FX( 1 4 )  * F K (  l A B  v 
1 F X ( 1 9 1  F X ( 2 3 )  
101 FORMAT ( / A 4 9  1 x 1  I 2 9  F 6 - 2 ,  2 x 1  16F7.2  
RETURN 
END 
FORTRAN I V  G LEVEL 19 PLTXWV DATE = 7 1 1 3 1  Ch/OhBO1 
SUBROUTE NE PLTXWV ( NUMT, JPL  1 
COMMON/ MAONLP/ I D U M t  JDUMvNZONHp E O E L T ?  E L T I O N *  I L p  ION 
1 * OMEGA* F *  G r IECODE. I P L O T I  R E P W V L v  I E L T t I O U T v  I F I L L r  
1 TRANS 9 RFWVLO 
COMMON /EORWVL/ I S T E L L  
COYYQN /PL3WVL/  P L 3 9  XWVLK 
COMMQN /PL2WVL/  PL2w XWVL 
COMMON / S E T I T /  I T I N I T  9 K T  
COMMON / F X X X /  EX9 XLAM, I X C N T  
COMMON/ F Y Y Y I  FYI YLAMF IYCNT 
COYMON/XLAMLO/ X L M L n r  X L Y H I  
DLMFNSLON F X i 1 9 0 )  r XLAMI  1 9 0 )  
D I M E N S I O N  F Y ( 1 1 O ) * Y L A M ( l L O )  
REAL * 4 N L O N H ( 1 2 )  
D I M E N S I O N  P L 3 ( L 9 0 ) ,  X W V L K ( l 9 0 )  
D I M E N S I O N  
DYYENSIOM W V L ( 2 0 l r  P O W ( 2 0 )  
D I M E N S I O N  E L T I O N  ( 1 0 9 3 0 * 2 6 )  
INTEGER CONVRT 
D l M F N S I O N  X L M L O t 5 ) ,  X L M H I ( 5 )  
D I M E N S I O N  S U I 5 )  
D I P E N S I O N  n N E S ( 2 ) v  O N E S 2 f 3 )  
DIMENSBCN T R A N S ( 6 1  
OATA O N F S / ' l S - 2 %  'P ' / p  ONFS2/  ' 1 5 2 - ' v r " 1 S 2 p q  F e ' ( L P ) V  
P R I N T  7 8 3  
7 8  3 FORMAT f V L F M E N T  I O N  T R A N S l T I O b i  W A V k L E q G T I I  OFL'FA 
* E  F O R  OMEGA G WVLENGTH LO' 1 
R E U l N D  11 
7 8 7  COrYTINlJE 
R E A D f 1 1 v  E N D z 7 8 6 8  I E L T ,  I n N c  T g A N S ?  REFWVL, F D F L T r  F v  ' 
1 VRFMVLO 
P R I N T  7 8 5 1  I E L T v  I O N *  TRANS* REFWVL, EDELT,  F ,  S 
1 9RFWVLO 
7 8 5  FORMAT ( L X I  A47 2 X 1 1 3 w 2 X v  h A 4 ~ 5 F 1 0 . 3  1 
GO TO 7 8 7  
7 86 CClNTl NUF 
I S T E L L  = 0  
C  f S T E L L  = 0 : P L T  VS WAVELENGTH 
C I S T E L L  = 1 : P L T  V S  ENERGY 
JNTTMP = 1 
C JNTTMP = 0  : NO INTEGRAL OVER TEMPFKATURE 
I F  ( I N I T  .NF. 1 2 3 4 5 6 )  GO Tf l  11 
GO T O  1 3  
11 I N I T  = 1 2 3 4 5 6  
c n L e  P L O T S  
C A L L  P L O T (  0.9 - .5*  3 )  
I F  ( I S T E L L  I 1 4 9  1 4 9  1 5  
1 5  X M I N  = -1. 
XDkL = - 0 5  
XDST = 4 0 .  
GO TO 1 6  
1 4  CON? I NUE 
XDST = 7 5 .  
XOEL = 7 ,  
F O R T R A N  I V  G L E V E L  19 P L T X W V  D A T E  = 7 1 1 3 1  
X M I N  = 0 ,  
16 C O N T I N U E  
Y D S T  = 8. 
V D E L  = 4 ,  / Y D S T  
Y M I N  = - 2 6 - 5  
I T  = I T I N I T  
1 3  C O N T I N U E  
00 2 0  I T E M P  = l r  N U M T  
I T  = I T  + 1 
C A L L  A X I S (  0.9 0 . 9  V O G ( P / N E * * 2 ) ' e 1 2 r  Y O S T ,  90.7 Y M T N ,  YDER) 
I F  f I S T E L L  , E C e  0 
l C A L L  A X I S [  0 - 9  0.1 W A V E L E N G T H '  9 -10, X l l S T 9  0.9 X M B N p  X O E B i  
I F  ( I S T E L L  e E Q a  1 1 
l C A L L  A X I S !  0 . 9  0 . 9  ' L O G  W  K E V  ' 9  - 1 0 ,  X D S T ,  0 . p  X Q I Y v  X O E L I  
H E N Z  = - 7  
T E M P  = ( I T  + K T  1 / 10. 
T  = 1 0 . + * T E M P  
G A L L  S Y M B O L (  0 . p  9-9 e l ? )  ' L O G ( T ) = ' r  0 . 9  7 )  
C A L L  N U M B E R (  - 9 6 ~  9 . 9  e l 2 9  T E M P ,  0.. 11 
# R I T E  ( 39 108)  T E M P  
1 0 8  F O R M A T  ( / / / / I 9  L O G ( T 1  = ' 9  ( 1 0 . 3  / 
T 9 A N S I T I O N  L U G f E i )  P ' i r i k d  i f 4  L P  
1 Y E  C H E C K  1 2 4 0 0 / E  D E L T A  K W A V F L C I I G T H *  b 
R E W I N D  4 
J S U  = 5 
D O  3 4 5 4  I = 1, J S U  
3 4 5 6  S V ( I )  = 0. 
S U M P  = 0. 
l i N D  = 0 
D O  10 J = 1, J P L  
R E A D  ( 4 1  X L A M l  , ( P L Z ( I ) r  I =  1 9  N l J Y T ) 9 I E L T p  I O N ,  T Q A ' V S p  ? I f d V C  
1 , R N  R F M V L O  
I F  ( P L 2 f  I T F M P )  e F Q e  0.1  GO T O  10 
X W V L I  [ T E M P !  = X L A M l  
T F M P l  = A L f l G 1 0 (  1 2 . 4  / R F F d V L  1 
W R I T E  ( 3 r l . 0 6 )  T R A N S ,  I E L T 9  I ( I N 1  T c q p l  
L v  P L 2 t I T E Y P )  9 T E M P  9 X N V L ( I T E M P 1  
1 9 R N  9 R E F W V L  r R F W V L O  
106 F O R Y A T  ( ? X I  6 / 3 4 ,  A 4 ,  6 x 9  [ ? ,  F 7 . 2 9  E 1 4 . 6  v 2 F 1 Z e Z  p F 1 4 - h  
l r  F 1 2 . 2  r F 7 . 2  ) 
I F  ( T R A N S ( 1 1  ,EQ. f l N t S I 1 )  . A N D .  T R A ' d S ( 7 )  .EQ. r ) N F S ( 2 )  1 (; 1 5 1  11 
I F  ( T R B N S I 1 )  e F 3 ,  ! I N F S Z ( l ) - A N I ) *  T P A Y S I Z )  . E O .  O N t \ ? ( ? )  
L .hN1;7. T R A Y S ( 3 )  .SO.  i l N t C 7 6 3 1  )Gl i ' ' 
GO T O  3 3  
3 1 C O N T  I N U E  
T E M P  = 4, 
G O  T O  3 4  
3 2 C n N T I N U F  
T E M P  = 2, 
3 4 C O N T  l N U E  
I N D  = I N D  + I 
W V L f  E N D )  = X k V L f  T T F M P )  
P O W (  I N 0 1  = i O . * + P L ? (  I T F M P )  * T E M P  
3 3 C r I N T  f NlJE  
FORTRAN I V  G LEVEL 1 9  PLTXWV DATE = 7 1 1 3 1  
I L I N P  = 1 
I F  ( I L B N P  eEQe OI GO TO 10 
X W V L l I T E H P  ) = REFHVL 
I F  ( I S T E L L  .EQ. 1) XWVLf I T E M P I  = ALOG10f  12.4 / REFWVL B 
I F  I XMVLl  I T E M P )  ,GT. XMIN+XDST*XDEL I GO TO 1 0  
DO 3 5  I = 1 p  JSU 
I F  ( REFWVL mGT, X L M L O t I I  .AND.REFWVL .LF. X L M H I ( I D  1 
L S U I I ) =  S U ( 1 ) +  1 0 . * * P L Z ( I T E M P )  
3  5 CONT 1 NVE 
SUMP = SUMP + 1 O m * * P L 2 # I T E M P )  
WRITE ( 1 2 )  XWVLf I T E M P )  9 P L Z (  I T E M P I  RFWVLO 
CALL P L T L I N t  X W V L ( I T E M P 1 r  P L Z ( I T E M P ) ,  XMIQr X D E L B  
1 Y M I N *  VDELr  I E L T I  I O N *  REFWVL* TRANS 1 
1 0  CQNT H NUE 
WRITE ( 3 9  1 0 7 )  SUMP 
1 WSU 
1 0 7  FORMAT a @ S U M  OF L I N E S  = @ , E14.6 / 5 F 1 4 . 6  1 
END1 = 1 2 3 4 5 6 ,  
WRITE( 128 E N O l r  END1, END1 
ICONT = B 
I F  ( ICONT * E Q e  1 ) 
lCAQL TWOPHOB W V L p  XWVLI PL2v  POW? [NO*  I 1  ) 
XwVL i I l + 1 ,  = XMlN 
XWVL i I B + Z B  = XDkL 
PLZB B I + 1 B  = V M I N  
P L 2 ( 1 1 * 2 8  = VDEL 
I F  ( BSTELL . E C e  1 1 CALL LAMTOM( XNVLp 1 1  
I F  ( I 1  .GT, 0  B 
1CALL L I N E  B XWVhe PL2 ,  1 1 9  1r 0 9 1  ) 
I F  l ICnNB ,FQ, B P 
I C A L L  C O N T (  I i ' v  I T ,  T  9 K K )  
XMVL 8 I I + 1 B  = XMIN 
XWVLK(KK+1B = XMIN 
XWVL (II+7) = XOEL 
XWVLKtKK+2)  = XDEL 
P L 2 (  I I + 1 B  = VMIN 
P L 3 I K K + 1 )  = VMIN 
P L 2 l  l I+2) = VDEL 
P L 3 ( K K + Z )  = VDEL 
IF ( I S T E L L  eEQe 1 I CALL LAMTOW( XWVLq 1 1  1 
I F  ( I I  ,GT. D I 
I C A L L  L I N E  ( XkdVLp PLZ,  I I c  l r  0 9 1  1 
I F  d I S T E L L  . F o e  1 1 CALL L A M T O W [  XWVLK, KK 
I F  B KK ,GT, 0  1 
1CALL L I N E  ( XWVLKI P L 3 r  KKp 1, 0 9 1  
I J  = 0  
0 0  1 2  I = 1 r  IVCNT 
F I V  = T R P C I N t  V L A M ( I 1 r  IXCNTo XLAY? FX J 
TEMP = F I V  + F V ( I I  
I F  ( TEMP .LE, 0 - 1  GC TO 1 2  
I J  = I J  a 1 
P L 2 ( 1 J )  = A L 0 6 8 0 (  TEMP) 
X W V L t I J I  = Y L A M t I )  
1 2  CONT I NllE 
F O R T R A N  I V  G L E V E L  19 Q L T X W V  D A T E  = 7 1 1 3 1  
DO 40 I = B s  I X C N T  
F I X  = T R P L I N B  X L A M t I B *  I V C N T e  VLAHI F V  1 
TEMP = F I X  + FXUI) 
I F  B TEMP eLE, 0 - 1  GO T O  40 
HJ = 1 4  + 1 
P L Z ( I J 1  = A L O G I B U  TEHPD 
X H V L t I J )  = X L A M B I I  
4 0 CONBF NUE 
C A L L  S O R T P f  I J 8  XWVLI P L 2  1 
H R I T E B 1 2 1 T 8  1 J e  t X W V L ( I I J O 9  P L 2 [ P I J ) r  I I J = l r  1 J )  
9 1  = Q 
00 41  BBJ = I r  1J 
I F  ( P L 2 t  i1.J) .hT, V M I N )  GO TO 41 
JIL = JB! +- l 
P L Z 4 4 I )  = PL2( IHJ) 
X W V L t J I B  = XWVLf  8 1 9 )  
4 L C O M T  I NUE 
19 = 9 1  
I F  ( I J  .EQ, 0 ) GO T O  2 1  
P 8 2 B  I J + - 2 )  = Y D E h  
P h Z b  I J + h )  = Y M I N  
XWVh BIJ+PB = X D E L  
X H V L  ( I J + 1 )  = XMHN 
U R I T E ( 8 )  T p  I J s  ( X W V L I I I J B I  P L Z f I I J ) ,  [ I J = l v  I J )  
I F  B I S B E L L  .EQs 1 1 C A L L  LAMTOWf XWVLI I J  ) 
CALL L I N E  t XWVLI P L 2 9  IJw l r  011 I 
2 L COMT 1 N U E  
X = X D S T +  Is32 
C A L L  P k O T B  X, 0 . 9  -3 ) 
2  0 CONT I NUE 
I F  B JNTTMP ,EQ, 1 B C A L L  BNTTMP 
END F I L E  HZ 
R E T U R N  
E N D  
F O R T R A N  I V  G L E V E L  19 C O N V R T  D A T E  = 7 1 1 3 1  
F U N C T I O N  C O N V R T  ( 1  B 
I N T E G E R  C O N V R T  
I N T E G E R  
1 C v  NI NE,  0 1  MGI SI, S I  F E Q  N I  r CA 
D A T A  C, N9 N E v  O, MG, S t c  S ,  F E v  N I  / V ' c g  N e w  N E ' r  
1 i j * 9 9 G G " r 9 1 \ @  S e r  ' F E "  ' N I N I "  / 
D A T A  C A  / @ C A M  / 
C O N V R T =  99 
I F  ( I .  EQ. C J  C O N V R T =  1 
I F  ( I . EO- N I  C O N V R T  = 2 
I F  ( I . EQ.NF l  C O N V R T  = 1 
I F  ( I . EQ. 0 )  C O N V R T  = 4 
I F  ( I . EO.MG1 C O N V R T  = 5 
I F  ( I . E Q - S I )  C O N V R T  = 6 
I F  ( I . FQ. S) C O N V R T  = 7 
I F  ( I . E Q I F E )  C O N V R T  = 8 
I F  I I . E Q I N I )  C O N V R T  = 9 
I F  ( I . EQ.CA1 C O N V R T =  10 
TFMP = C O N V R T  
IF ( T E M P  aEQ. 99. W R I T F  ( 3 7  1 0 0 1  1 t C O Y V R T  
100 F O R M A T  I / / /  ' E R R O R  I N  E L M T  C O N V F K S I n Y  r E L Y T  = ' 9 & 4  s 6 5  1 
R E T U R N  
END 
FORTRAN I V  G L E V E L  19 CONT DATE = 1 1 1 3 1  
SUBROUTINE C O N T l  1 1 9  I T *  T  r K K )  
COMYON /EORMVL/ J S T E L L  
COMMON / S T E L L /  I S T E L L *  X L L I M ?  X L L I M N  
COMMON/ A L I E Z E /  ALAM. I E L T A Y .  ZETA, NUMCNTq IONAY.  Y W R R A V  
COMMON /PLZWVL/  P L 2 r  XWVL 
COMMON /PL7WVL/  P L 7 9  XMVLK 
COMYON / F X X X /  FXLAM*  XXLAY*  J X  
COMMON/XLAMtO/ XLMLO, X L N H I  
D I M E N S I O N  S U ( 5 )  r S M I 5 )  
D I M E N S I O N  X L M L O t 5 ) r  X L M H I ( 5 )  
D I M E N S I O N  S Z E T A 1 7 7 1  
INTEGER * 2 I O N A Y ( 7 7 ) q  N A R R A Y ( 7 7 )  
O I M E N S I O N  I E L T A Y  ( 7 7 1  v ALAMt 7 7 1  q Z E T A (  7 7 )  
D I M E N S I O N  X X L A M ( 1 9 0 ) .  F X L A M I 1 9 0 )  
D I M E N S I O N  P L 3 ( 1 9 0 )  r XMVLK( 1 9 0 1  
D I M E N S I n N  P L Z ( 2 R O )  p X N V L ( 2 9 0 1  
9 5 1  FORMAT ( *  WAVELENGTH BREMSTRAHLUNG RECOMBINATION 5 h 4 Y R C h  
1 I N O t X  ' 1  
WRITE ( 3 p  9 5 1 )  
T 6  = T /1.EOh 
SUMO8 = ( 1 . 5 8  / T 6 )  **.OR 
1 + (6.32 / T 6  )** .08 
SOT6 = SQRT( T 6  
K K  = 0 
J X  = 0  
11= 0  
SLAY= -1.5 
I F  ( J S T E L C  .EC. 1) SLAM = -.75 
J S U  = 5 
DO 3 4 5 6  I = 1 9  J S U  
S M l I )  = 0 ,  
3 4 5 6  S U ( 1 )  = 0. 
SUM1 = 0. 
SUMK = 0 .  
INDEX = 2 
DELTA = l . E - 0 3  
C 
DO 9 1 6  J I = l r  NUMCNT 
C A L L  SUMSUB( I T r  J I I  SUM r T 6  1  
S Z E T A ( J I !  = SUM 
9 1 6  CONT I NlfE 
C 
9 2 2  CONTINUE 
SLAM = SLAM 9 7. 
I F  ( A L A M ( 1 N D E X - 1 1  - SLAM ) 9 1 0 1  9 1 1 ,  911 
910 XLAM = A L A Y ( 1 N D E X - 1 )  - DELTA 
SLAM = SLAY - 2. 
I D 0  = 2 
GO TO 9 1 2  
9 1 1  XLAM = SLAM 
I D 0  = 1 
9 1 2  CONTINUE 
E l 4 3  = EXP ( - 1 4 3 . 8 9  I (  XLAM * T 6 ) )  
DO 9 2 0  JJ = 1, I D 0  
FORTRAN 1 V  G  LEVEL 19 CONT DATE = 7 1 1 3 1  
I F  ( J J  .€€I. 2 j X L A M  = XLAM + 2. * DELTA 
00 9 0 4  I = 1. NUMCNT 
I F  C A L A M l I I  ,LEI XLAM 1 GO TO 9 0 5  
9 0 4  CONTINUE 
INDEX = hUMCNT + 1 
SUM = S Z F T A i  NUMCNT) 
GO TO 9 0 6  
9 0 5  CONTINUE 
SUM = SZETAt  I 1 
INDEX = I 
9 0 6  CONTINUE 
SUM = SUM * . 1 4 2  / T 6  
I F  ( J S T E L L  1 2 0 ,  2 0 1  2 1  
2  1 CONT I NU€ 
M = 12.4 / XLAY 
€ 1 1 6  = EXP(  - 1 1 - 6  * W / T 6  ) 
TEMPK = ( 2 . 6 4 € - 2 3  * € 1 1 6  / SOT6 * 1.17 
GO TO 2 2  
7  0 CON1 I N U F  
TEMPK = 13.28E-22 / ( S Q T 6  * XLAM**2 1 ) * € 1 4 3  * I d 5  
2 2  CONT I NU€ 
P L 2  1 = TEMPK 
1 * ( - 5 9  * [ ( I . +  143.89 / ( X L A Y  * T h )  I 4 F 1 4 3  
1 * i . 8 1  + ALOG ( XLAY * T6  / 141 .89  ! 3 
1 + 1.81 * 11.- E 1 4 3 ) )  * ( SUMO8 
1 ) )  
PLZK = TEYPK * SUM 
JX = J X  + 1 
XXLAM(JX1 = XLAM 
F X L A Y ( J X )  = P L 2 1  4 P L 7 K  
I F  ( JX .EQ. 1 )  GO TC 9 5 4  
SUMI = SUMI + [ P L Z I O  + P L 2 I )  * .5  * 
1 ( XXLAMIJXD - X X L A M I J X - 1 )  1 
1 * ( 1 2 1 4  / (XXLAM(  J X I * X X L A M t J X - 1 1  ) * * J S T t L C  
SUMK = SUMK + ( P L Z K O  + P L Z K )  * .5 * 
1 ( X X L A M l J X )  - X X L A M t J X - 1 )  1 
1 * 1  12.4 / (XXLAM(  J X ) * X X L A M ( J X - 1 )  ) ) * * J S T E L L  
DO 955  I = 1, JSU 
I F  ( XXLAM(JX-1)  .GT. X L M L O ( I 1  .AND. X X L A M ( J Y I  ,LC, X C Y 1 9 1 P  1 )  1 
1 S U I I ) =  S U ( I I +  ( P L 2 I O  4 f'L21) * .5 * 
1 I X X L A M t J X )  - X X L A M t J X - 1 )  1 
I F  I X X L A Y ( J X - 1 )  .GT. XLMLf l (  I 1  .AND. X X L A M l J X )  . C E .  X L V 1 f I  ( E B 1 
1 S M ( I ) =  S M ( I ) +  ( P L 7 K O  + P L Z K )  4 .5 + 
1 ( X X L A M f J X )  - XXLAMfJX-11  1 
9 5 5  CON? I NU€ 
9 5 4  CONTINUE 
P L Z I O  = P L 2 I  
PLZKQ = PLZK 
IF ( P L 2 1  .GTe 1.E-22 .OR. P L 2 I  .LT. .3F-26  1 GO T O  9 5 7  
I 1  = I 1  +I 
X W V L ( I 1 )  = XLAM 
P L Z ( I 1 )  = A L O G l O (  P L 2 I  1 
9 5 2  CON? I NIJE 
I F  ( P L 2 K  .GTo 1.E-22 .ORo PLZK .LT. .3E-26 ) Gn T i '  ' 4 C 3  
FORTRAN I V  G LEVEL 19 CONT DATE = 7 1 1 3 1  
KK = KK + 1 
XMVLKt KK)  = X L A M  
P L 3 t K K )  = ALOGlOt  PLZK 1 
9 5 3  CGNT I NUE 
TEMP2 = ALOG10( 12.4 / XLAM 1 
H K I T E  ( 3 ~ 9 5 0 )  XLAUr PL21,PLZKq SLAM, INDEX 
1 r TEMP2 
9 5 0  FORMAT ( F14.3.2E14.6 r F12.1, 1 1 0  r F10.2 
9 2 0  CONTINUE 
1F iXLAM eGE- X L L I M  .OR. XLAM .LE. XLL IMN)  GO T O  921 
GO TO 9 2 2  
9 2 1  CONTINUF 
WRITE ( 3 ,  1 0 3 )  SUMlc  SUMK , SMv SU 
1 0  3 FORMAT I / /  a ARREP UNDER BREMSTRAHLlJNG AND REGOMYINABICN = @ ,  
1 ZE l .4 -6  / 5 E 1 4 - 6  / 5E14.6 / / / / I  
RETURN 
END 
F O R T R A N  I V  G  L E V E L  19 TWOPHO D A T E  = 7 1 1 3 1  
S U B R O U T I N E  T W O P H O (  A L A M *  XWVLI  P L 2 9  P O W *  N U M C N T ,  I I  D 
COMMON / E O R W V L /  J S T E L L  
C O M M O N /  F V Y Y /  F Y L A M .  Y Y L A M .  J Y  
COMMON / S T E L L /  I S T E L L *  X L L I Y .  X L L I M N  
C O M M O N / X L A M L O /  X L M L n r  X L M H I  
D I M F N S I O N  S U 1 5 )  
D I M E N S I O N  X L M L O ( 5 )  r X L M H I  ( 5 )  
D I M E N S I O N  F Y L A M ( l l 0 ) r  V Y L A M ( 1 1 0 )  
D I M E N S I O N  A L A M ( 1 1 .  X W V L I  1 ) .  P L 2 l  1 ) .  POW(  1 )  
W R I T E  (39 951) 
951 F O R M A T  t D  U A V E L E N G T H  TWO P H O T O N  S l l  M  
1 I N D E X  * 1 
X L L I M  = 70. 
I F  ( J S T E L L  .EO. 1) X L L I M  = 1 2 4 .  
X L L I M N  = -1 .  
I F  ( h U M C N T  ,EQ. 0 ) GO T O  666 
C A L L  S O R T P f  N U M C N T ,  R L A M I  POW ) 
J Y  = 0 
11= 0 
S L A M =  -1 -5 
I F  ( J S T E L L  ,EQ. 1) S L A M  = -.75 
I N D E X  = 2  
JSU = 5 
D O  3 4 5 6  I = 1, JSU 
3 4 5 6  S U ( I )  = 0. 
S U M 1  = 0. 
D E L T A  = l .E-03 
9 2 2  C O N T I N U E  
S L A M  = S L A M  + 2. 
I F  ( A L A M f I N D E X - 1 )  - S L A M  ) 910, 911, 911 
910 X L A M  = A L A M t I N D E X - I 1  - O F L T R  
S L A M  = S L A M  - 2. 
I D 0  = 2 
GO T O  9 1 2  
9 1 1  X L A M  = S L A M  
1 0 0  = 1 
912 C O N T I N U E  
D O  9 2 0  JJ = 1 e  I D 0  
I F  ( J J  .EQ. Z I X L A M  = X L A M  + 2. 4 D E L T A  
S U Y  = 0. 
00 904 I = I* N U N C N T  
I F  ( A L A M ( 1 )  .GT, X L A M  1 GO T O  9 0 5  
T E M P  = A L A M ( I 1  / X L A C  
GO T O  10 
1 1  SUM = SUM + POW(I) *  TEMP**^ * (1 -  T E Y P )  4 A L A M ~ I )  1 2 - 4  
GO T O  12 
10 C O N T  I N t l E  
5 U M  = S U M  + P O W ( I I  * ( T E M P  1 * * 7  * (  1 . - T F Y P  i / X C A V  
12 C O N T I N U E  
904 C O N T I N U E  
I N D E K  = N U M C N T  + 7 
A L A M f  I N D F X - 1 )  = X L L I M  + .5 
GO r n  906 
905 C O N T I N U E  
F O R T R A N  I V  G L E V E L  19 D A T E  = 7 1 1 3 1  
I N D E X =  I + l  
906 C O N T I N U E  
J Y  = JY + 1 
F V L A M t  J Y  = SUM 
Y Y L A N ( J Y 1  = X L A M  
I F  f JV .EQ. 1 1 GO T O  954  
S U M I  = S U M I  + ( S U M  + S U Y O  1 * ,5 * 
1 t Y Y L A M ( J V )  - Y Y L A M I J Y - 1  1 1 
1 *( 12.4 / ( V Y L A M I J Y )  * Y Y L A M t J Y - 1 )  * * J S T E L L  
DO 9 5 5  I = 1. J S U  
I F  I Y Y L A M I J Y - 1 )  eGT.  X L M L O ( 1 )  . A N D . Y Y L A Y ( J Y )  e L E .  Xk"14i rb i i l  1 
1 S U I I ) =  S U ( [ ) +  ( S U M  + SUMO ) * - 5  * 
1 ( Y Y L A M I  J Y )  - Y Y L A M (  J Y - I  1 1 
955 C O N 1  I N U E  
9 5 4  C O N T I N U E  
SUMO = SUM 
I F  I S U N  .GT. 1 . E - 2 2  .OR. SUM .LT.  . 3 E - 2 6  1 GO Tn 952 
I I  = I 1  + 1  
XWVL ( I I ) = X L A M  
P L Z ( I I 1  = A L O G l O (  SUM 1 
9 5 2  C O N T I N U E  
T E M P 2  = A L O G 1 0 (  1 2 . 4  / X L A M  ) 
h ' R I T E  ( 3 ~ 9 5 0 )  X L A M Q  P L 7 I e  SUM, S L A M ,  I N D E X  
1 r T E M P 2  
9 5 0  F O R M A T  ( F 1 4 . 3 r Z F 1 4 - 6  r F 1 2 . l r  I10 r F l o e 2  1 
9 2 0  C O N T I N U E  
I F f X L A M  eGE. X L L I M  .OR. X L A M  . L E e  X L L I M N )  G O  T f l  9 2 1  
GO T O  9 2 2  
9 2 1  C O N T I N U E  
W R I T E  ( 3 0  1 0 0 )  S U M I  
1 , S U  
100 F O R M A T  I / /  ' A R E A  l t N D E R  T H E  TWO P H O T O N  CDNTINUM = * I  C 1 4 , b  
1 / 5 E 1 4 . 6  ) 
R E  T U R N  
666 I 1  = L 
F Y L A M (  1) = . 3 E - 2 6  
J Y  = 2  
F Y L A M ( 2 )  = F V L A M t  1) 
Y V L A M ( 2 )  = X L L I M  - ,0001 
V Y L A M ( 1 )  = X L L I M  
X W V L ( 1 1  = X L L I M  
P L 2 ( 1 )  = A L O G 1 0 (  F Y L A M ( 1 )  1 
R E T U R N  
E N D  
FORTRAN I V  G LEVEL 19 LAMT'OW 
SUAROUTlNE LAMTOWf XI I 
D I M E N S I O N  X ( 1 )  
I F  ( I .LE.  0 1 RETURN 
DO 1 0  K =  I *  I 
1 0  X ( K )  = ALOGlOf 12 .4  / X ( K )  1 
RETURN 
END 
D A T E  = 7 1 1 3 1  
FORTRAN I V  G LEVEL 1 9  PLTL  I N  DATE = 7 1 1 3 1  0 6 / 0 6 / 0 1  
SUBROUTINE P L T L I N (  X l r  Y l *  XMIN*  XDEL, YMIN*  YDELp I F L T e  I O N *  
1 REFMVL. TRANS ) 
DIMENSION TRANS(6 )  
X = ( X 1  - XMIN)  / XDEL 
V = l Y 1  - Y M I N I  / YOEL 
CALL PLOT( X v  0.r 3 )  
CALL PLOT(  X ,  YI 21 
HLT = .07 
CALL SYMBOL( XI Y, H L T ?  I E L T ,  90.9 4 )  
YYY = 4.5 + HLT + Y 
CALL NUMBER( XI YYY r HLT,  FLOAT(  I O N ) *  90.9 - 1 )  
CALL NUMBER( XI Y+ 8.*HLT 9 HLTp REFNVL* 90.9 1 1 
CALL SYMBOL( X q  Y +13. *HLT*  HLTI TRANS* 90.9 2 4  1 
RETURN 
END 
FORTRAN I V  G L E V E L  19 I N T T M P  DATE = 7 1 1 3 1  
0 0 0 1  SUBROUT I M F  INTTMP 
000.2 COHHON / P L 2 M V L /  P L 2 r  XWVL 
0 0 0 3  COMMON/ MAONLP/ IDUMI JDUMrNZONH9 EDELTI E L T I O N ,  I L I  I O N  
I OMEGA9 Fs, G r IECODEI IPLOTI  REFWVLp I E L T I I O ~ ~ T ~  I F I L L ~ I  
1 TRANS 9 RFWVLO 
0 0 0 4  D I M E N S I O N  E L T I O N ( 7 8 0 0 )  
0 0 0 5  REAL * 4 NZONHt 1 2 )  
0 0 0 6  D I M E N S I O N  P L ( 3 0 0 ) r  W L ( 3 0 0 )  
0 0 0 7  D I M F N S l O N  S P L ( 3 0 0 ) .  W V L O ( 3 0 0 1 1  P L O ( 3 0 0 )  
0 0 0 8  D I M E N S I O N  T R A N S ( 6 )  r P L 2 ( 2 8 0 1 9  X W V L ( 2 8 0 )  
0009 O l M E N S l O N  E P L ( 3 0 0 1 9  D U T U T P ( 3 O O ) r  A N S ( 3 0 0 1 ,  J V ( 3 0 0 )  
00 10 E Q U I V A L E N C E I E L T I O N ( 1 ) r  S P L ( 1 )  1 9  ( E L T I f l N ( 3 0 1 1 9  WVLO(BB 1 ,  
1 t E h T I O N ( 6 0 l ) r  P L O ( 1 1  1 
1 * e E L T ! O N # 9 O l ) ,  P L ( 1 ) )  , ( E L T I O N ( l Z O l I e  W L I l )  1 
1 ~ l E L T I O N B I 5 0 l ~ r E P L ~ 1 ) ) ~ ~ E L T I O N ( I 8 0 1 ~ ~  D U T U T P ( 1 )  I 
1 , i E L T I O N f 2 L O l ) r  A N S ( 1 )  ) r  ( E L T I O N ( 2 4 0 1 ) ~  W V ( 1 )  ) 
BACKSPACE 8 
R E A D (  $ 8  EN5=91)  
1 TOo I J V  ( W V L O ( I ) r  P L O ( 1 l r  I = l r  i J )  
DO 2 0  1 = 8, I J  
PLO(  I )  = 80, * *PLO(  I )  
2 0  S P L ( 1 )  =o. 
3  3 Cf lNT l NUF 
BACKSPACE 8 
BACKSPACE 8 
READ689 E N D = 5 0 )  TI NU@(  ( X W V L ( I ) t  P L Z ( 1 l r  I = 1 c  NUMB 
I F  f T .EQB r01 GO T O  50 
I F  ( P L 2 ( 1 )  .GT. P L Z ( 2 1  ) P L 2 ( 1 1  = P L 2 ( 7 )  
I F  ( P L Z f L D  ,GT. B L 2 ( 2 )  ) X W V L ( 1 )  = YkJVL(7)  
DO 3 0  K =  l p  I J  
I =  I $ - K + P  
PPP = T R P L I N t  W V L O f l I r  N U @ *  XWVL, PC2 ) 
3 4 PPP = 10, *+PPP 
S P L t  1 )  = S P L (  I )  + ( P P P  + P L O ( I )  )*.5 * AHS( T - T O )  * 
1 B b T +  T O ) *  . 51  * + ( - 2 . 8 3 3 3 3 3 1  
P L O t I  B = PPP 
e = I  
L 0 0  FORMAT ( ' PPPI P e  W V L O ( 1 ) r  K W V L ( L ) v  L c  I % 4 E 1 3 - 5 ,  7115 b 
3  0 CONT li NUE 
3  6 COIVT 1 NUE 
TO = T 
G O  TO 3 3  
5 0 COMT I NtJE 
VDST = 8, 
YDEk = 4, / VDST 
Y M B N  = - 3 7 - 5  
J = O  
50 5 1  I = I r  IJ 
I F  ( S P L l  I B  .LT. 1 0 . * * Y M I h  1 GO TO 5 1  
I F  ( S P L t I O  .EQ. 0, 1 GO TO 5 1  
J = J + 1  
WVLO(JB = W V k O ( I 1  
S P L i S I  = A L O G 1 0 (  S P L t I )  1 
5 1 CONTIMUF 
FORTRAN I V  G  L E V E L  19 I N T T M P  D A T E  = 7 1 1 3 1  
1 J  = J 
X H I N  = 0 ,  
XDEB = 2 -  
XDST = 3 5 ,  
S P L ~  nJ+l l  = VMIN 
S P L (  1 J 4 2  B = Y O E L  
G A L L  A X I S (  0 - e  0.t @ N A V E L E N G T H ' *  - 1 0 9  X D S T *  0 . 9  X M P N s  X O F L i  
C A L L  A X I S (  0 1 9  Oar ' I N T E G R A L ' q 8 r V D S T ~  90.9 S P L ( 1 9 * 1 ) ,  5 P L U 1 9 + 7 1 )  
WVLOB H J + L l  = X M l N  
W V L O ( H J + Z )  = XDEL  
G A L L  L I N E  ( W V L O P  S P L  r IJ I  l r  0.1 1 
R E W I N D  7 
BC = 0 
10 CONT E NUE 
R E A D (  7 v E M D = 9 0 P  
I S U M I N T I  I E L T .  I O N 9  TRANS,  RFFWVL  
I F  I S U N I N T  .LE. 0 , )  GO T O  10 
IC = 1 C  + B 
P L i I C D  = S U Y I N T  
WL( ICD = REFWVL 
SUMlNT = WLOGB0(  S U M I N T  1 
I F  ( S U M l N T  - 8 8 ,  S P L ( I J + 1 1  1 GO TO 10 
I F  ( S U H l N T  ,GT. S P L ( I J + 1 )  + V D S T + S P L ( I J + Z )  S U U I Y T  = 
1 S P L ( I J + 1 1  + V D S T * S P L ( I J + Z )  
I F  $: REFMVL  .GT, X M I N + X D S T * X D E L  I GO TO 10 
X = REFIdVC 
C A L L  P L T k l N &  X r S U M I N T I  XMIN I  X n E L t  S P L ( I J + l ) r  SPLtIJ+?Bv 
1 I E L B I  I O N ,  WEFWVLW TRANS 1 
60 TO 10 
9 0 C O N T I N U E  
C A L L  P L O T (  X D S T + 1 , 5 r  - 3  1 
C A L L  P B O X l  P h r  Who BCI S P L I  WVLOI 1Jv ANSI WVI F P L t  " U V I B B ?  6 
R E T U R N  
9 L  CONT 8 N U E  
P R I N T  4 v T O p  E J P  ( M V L O ( I 1 r  P L O I I I r  I = l q  I J I  
4 FORMAT ( F 8 . 2 9  1 8 0  / (  1 0 E 1 3 . 5  1 ) 
RETURN 
END 
FORTRAN I V  G L E V E L  1 9  PBOX DATE = 7 1 1 3 1  (IA/06/0H 
SUBROUTINE PBOX( PL. WLv I T *  PC, WC, I J I  ANSI M V I  E P B  D i ~ l l l T P  ) 
D I M E N S I O N  P L ( 1 J r  W L ( 1 l r  P C ( 1 ) p  W C ( l l 9  A N S ( 1 ) v  d V ( L l e  E P ( 1 ) r  
1 O U T U T P ( 1 )  
XLAM = 0 -  
Y I  = 0 
DLAM = - 5  
5 3 XLAM = XLAM + DLAM 
I F  6 XLAM .GT. 70.) GO TO 3 3 3  
P C 1  = T R P L I N (  XLAM, I J I  WCv PC 
P C 1  = 1 0  * * P C 1  
XLAM2 = XLAM + DLAM 
PC2 = T R P L I N f  X L A M 7 r I J e  WCI PC 1 
PC2 = 10 +*PC2 
SUM = 0 ,  
DO 5 1  I = I *  I T  
I F  I W L ( 1 )  .LT. X L A M )  GO TO 5 1  
I F  t W L ( I 1  .GT. X L A Y Z I G O  TO 5 7  
SUM = SUM + P L ( 1 )  
5 1 CONTINUE 
5 2 COhT I NU€ 
I 1  = [ I  + 1 
A N S ( I 1 )  = I D L A M  * ( (  P C l + P C Z )  / 2.) + SUM 1 / DLAM 
A N S ( I I 1  = A L n G l O I  A Y S ( 1 I )  I 
W V l I I )  = XLAM + D L A M  / 2. 
I F  ( I P R I N T  .EQ. 1 ) 
1 P R I N T  1 0 2 9  A N S ( I I ) r  W V I I I ) *  XLAM, P C 1 9  XLAMZ* P C 2 ,  S O W  
10 2  FORMAT ( E 1 4 . 6 ~  7F10.29 E14.69 F 1 0 . 2 r Z E 1 4 . 6  1 
GO TO 53 
3 3 3  CONTINUE 
C PLOT 
C A L L  P L C T T (  WV? ANSr I f ,  EP9 DUTOTP DLAY J 
RETURN 
END 
FORTRAN I V  G L E V E L  19 P L O T 1  DATE = 7 1 1 3 1  
SUBROUTINE P L O T T t  El DUTUT, [NUG. EPI DUTUTP DEL 1 
D I M E N S I O N  E ( l l r  D U T U T ( l ) r  D U T U T P ( l ) v  E P ( 1 )  
C A L L  SCALE(  DUTUT. 9 .001  I N U G t  1 
E ( I N U G + l )  = 0. 
E ( I N U G + Z )  = 4. 
X L  = 18 .  
C A L L  A X I S ( O I ~ O . ~  ' W A V E L E N T H  ( A )  ' 9  
1 - 2 4 r X L  90. r E (  I N U G + l )  , E (  I N f J G + 2 1  B 
C A L L  AXIS(0 . rO . r  'LOG( I N T E G R A L ) " ,  
1 14.9. q 9 0 . r D U T U T (  I Y U G + l )  rI)1ITUT( I iZB\IG+Z I B 
N = O  
DO 9 0 0 0  I = 1, [NUG 
N = N + l  
EP ( N )  = E ( I )  - DEL / 2 .  
D U T U T P ( N 1  = D U T U T ( I 1  
N = N + L  
EP ( N I  = € ( I )  + D E L  / 2. 
9 0 0 0  D U T U T P ( N I  = D U T U T ( I )  
DUTUTP l N + 1 )  = OUTUT( I N U G + l )  
DUTUTP ( Y + 2 )  = DUTUT(  I N U G + Z )  
E P t Y + 1 )  = E ( I N U G + l )  
E P I N t 2 )  = E ( l N U G + Z )  
C A L L  L I N E (  E P *  DUTUTP, NI 1, 09 1 9  1 ) 
RETURN 
END 
FORTRAN I V  G L E V E L  19 SUMSUB O A T €  = 7 1 1 3 1  0 6 / 0 6 / 0 1  
S U B R O U T I N E  SUMSUR4 I T *  J1, SUM 9 1 6  1 
COMMON/ MAONLP/  IDUM.  JDUMINZONHI EOELT.  E L T I O V r  IZI I O N  
1 r OMEGAe FI  G r I E C O D E .  I P L O T ,  REFWVL. I E L T e I O U T e  [FILL, 
1 TRANS 9 RFWVLO 
COMMON/ A L I E Z E /  ALAM. I E L T A Y *  ZETA ,  NUMCNT*  I O N A Y ,  N A ~ R A Y  
I N T E G E R  * 2 I O N A Y ( 7 7 ) g  N A R R A Y ( 7 7 )  
D I M E N S I O N  I E L T A Q ( 7 7 ) .  A L A M ( 7 7 1 r  Z E T A ( 7 7 )  
D I M E N S I O N  E L T I O N  ( 1 0 1 3 0 , 2 6 )  
R E A L  * 4  N Z O N H ( 1 2 )  
D I M E N S I O N  T R A N S ( 6 )  
I N T E G E R  CONVRT 
D A T A  I H E  / ' H E ' /  9 I H H Y / V H " /  
SUM = 0. 
DO 914 I = 1. NUMCNT 
I F  ( A L A H ( I 1  . LEe  A L A M t J I )  1 GO T O  9 1 5  
I F ( I E L T A Y ( 1 ) e E Q .  I H E  J GO TO 960 
I F ( I F L T A Y ( I ) . F Q .  I H H Y )  GO TO 963 
GO TO 9 6 1  
960 C O N T I N U E  
S E L T I N  = 1. 
SNZONH = NZONH(  11 I 
GO TO 9 6 2  
9 6 3  C O N T I N U E  
S E L T I N  = I .  
SNZONH = 1. 
GO TO 9 6 2  
96 1 CONT I NUE 
SNZONH = NZONH I CONVRT I I E L T A Y ( 1 ) )  1 
S E L T  I N =  E L T I f l N ( C 0 N V R T  ( I E L T A Y ( 1 ) I  9 L O M A Q ( l l + l r  I T  1 
I F  I S E L T I N  .EQ. 99.) GO TO 9 1 4  
S E L T I N = 1 0 . * * ( -  S E L T I N  1 
9 6 2  CONT I NUE 
T E M P 2  = 1 4 3 . 8 9  / I A L A M ( 1 )  * 16 ) 
I F  ( T E M P 2  .GT. 1 7 4 . 1  T E M P 2  = 1 7 4 .  
SUM = SUN + E X P [  T F Y P 2  
1 * S E L T I N  * SNZONH 
1 * L E T A ( I 1  4 Y A R R A Y ( 1 )  *(91L. / A L A M ( I b 9  + * Z  
9 1 4  C O N T I N U E  
9 1 5  CONT I MUE 
RETURN 
END 
FORTRAN , I V  G  L E V E L  19 HA I N  DATE = 7 1 1 4 2  
L 
C  F I L G E N  
C  
C  T H I S  PROGRAM CALCULATES X-RAY F I L T E R  TRANSMISSPONS FOR 3-60 A N G S *  
C 
D I M E N S I O N  F I L N A M f 3 5 )  rPATNIJMf 10) p D E N S T Y ( 1 0 )  r T H I C K r  1 0 ,  VNFGR 10v70) 
D I M E N S I O N  I A T N O 1 1 0 ) 9 N C D S (  1 0 )  r U V L H E (  10, 70) *AHSCOF( 1 0 ~ 7 0 1  
D I M E N S I O N  I A T ( 1 O ) r  T H K ( l 0 ) .  D E N ( l O ) o  H E A D ( 1 0 )  
DOUBLE PREC I S I O N  HEAOr HEADER 
C  
C  READ HENKE'S ELEMENT CARDS, WHICH L I S T  X/RAY MASS ABSDRPTIRNS A T  E A C H  
C  WAVELENGTH FOR G I V E N  ELEMENTS. 
C  999 S I G N A L S  END OF HENKE'S ELEMENT CARDS- 
C  
1=1 
4 0  READ 39 I A T N O f  I 3  9NCDS I 1) 
I F  I I A T N Q t I )  .EQ. 999) GO TO 3 0  
NLP l=NCDS(  I )  
DO 1 0 0  T I = l * N L P L  
1 0 0  READ lrNEG(9rII)rWVLHF(ItII)rABSCOF(IIII) 
I = I + l  
I E L E M = I - 1  
GO TO 4 0  
C 
3 0  CONTINUE 
I = 0  
1 0 0 5  CONT I NUE 
I = I + 1  
C 
C  READ I N I T I A L  F I L T E R  CdRDS AND I N C L l l n E  THESF CARDS I r V  EACI.4 St IRSE?IEFkT I" I L T F K ,  
c THERE DO NOT HAVE TO BE A N Y  INITIAL FILTER C A R D S  IF n F y g y F 5 .  
C  A  GREEN 999 CARD S I G N A L S  END OF I N I T I A L  F I L T E R  CARDS. 
C  
READ I r  I A T t  I )  7 THK( I ) r DEN( I ) r HEAD( I ) 
I F  ( IATlII .EQ. 999) GO TO 1 0 0 6  
GO TO 1 0 0 5  
1 0 0 6  NUMCD = I -1 
1000 CONT I NUE 
C  - 
C  PUNCH CARDS 
c 
I PUN= 1 
READlJ.929 E N D = 1 0 0 7 )  ( F I L N A M (  1 1 ,  I = l r  3 5 )  
P R I N T  8 w ( F I L N A M I I ) r P = l t 3 5 )  
I F I L  = 0 
I= l 
C  
C  READ SUBSEQUENT I N P U T  F I L T E R  CARDS T O  WHICH I N I T I A L  F I L T E Q  C d Q ' l S  w,ly 14F 
C  ADDED. 999 S I G N A L S  END OF EACH F I L T E R  GSO\JPlrJG, 
C 
1 0  READ l v I A T N U M ~ I ~ ~ T H I C K I I ) r O E N S T Y I I J  r HEADER 
I F  ( I A T N U M ( I 1  .EQe 999) GO TO 2 0  
P R I N T  llll~IATNUY(I)pTHICK(I)~DENSTY(II 9 HEADER 
I=I+l 
FORTRAN I V  G L E V E L  19 M A 1  N DATE = 7 1 1 4 2  
* I F I L = I - 1  
GO TO 10 
2 0 CONTINUE 
NCARD=O 
I F  ( NUMCD ,EQe 0 ) GO TO 1 0 0 3  
DO 1 0 0 2  J L P  = 1 9  NlJMCD 
c 
I F I L  = I F I L  + I 
I A T N U M ( 1 F I L )  = I A T f J L P )  
T H I C K (  I F I L )  = T H K (  J L P )  
D E N S T Y f I F I L I  = D E N f J L P )  
HEADER = H E A D ( J L P 3  
I = I F I L  
P R I N T  l r I A T N U H I I ) r T H t C K ~ I ) ~ O E N S T Y ~ I )  q HEADER 
C 
1 0 0 2  CONT I NU€ 
1 0 0 3  C O N T I  NUE 
WVL=O. 
P R I N T  9 
45 WVL=HVL+ 1. 
ICONT=O 
SUME XP=O. 
DO 2 0 0  I = L r  I E L E M  
NLP3=NCDS( I ) 
DO 3 0 0  I 1 = 1 e N L P 3  
I F  ( N E G ( 1 , I I )  eNE. 0 .AND* WVL .GE. W V L H E ( I ? I I )  .4ND, WVL-1, . L T e  
* W V L H E ( T ~ I I 1 )  GO Tfi 5 0  
I F  ( M V L H E I I I I I )  .NE- WVL) GO TO 1 0 0  
ICONT= lCONT+ 1 
DO 4 0 0  N = l r l F l L  
I F  ( I A T N U M f N )  .NEe I A T N n ( 1 ) )  GO TO 400 
SUMEXP=SUMEXP+THICK(N)*DENSTY(N)*ABSCOF( 1.11 1 
4 0 0  CONTINUE 
GO TO 2 0 0  
5 0 I F  (WVL eEQ. W V L H E I I I I I ) )  I C O N T = I C O N T + l  
I F  ( N E G l I e I I )  .NE. 1 )  GO TO 300 
SEXPLO=O. 
SEXPHI=O, 
DO 5 0 0  N = l r ? E L E M  
I F  ( N  eEQ- I )  GO TO 5 0 0  
NLP6=NCDS( N )  
DO 6 0 0  N N = l r N L P 6  
NNN=YN-1 
I F  I M V L H E ( l r 1 I )  OLE* WVLHE(N7NN) -AND.  WVLHEf I p I I I  e G T *  N V C M F t Y B  
*NNMI GO TO 7 0  
GO T O  6 0 0  
7 0 A L P H A = A L O G ( A B S C O F ( N i ) N N ) / A B S C O F ( N q N N N ) ~ / ( W V L H E ~ N ~ N ~ ) - ~ V L H E ~ V ~ V ~ ~ V l  
CONS=ABSCOF( N v N N I  /EXP(  ALPHA*WVLHE(NIYNI  
AC=CflNS*EXP(ALPHA*WVLHE( 1 , I I B )  
6 0 0  CONTINUE 
DO 7 0 0  N N - 1 , I F I L  
I F  ( I A T N O t N )  eNE. I A T N U M ( N N ) )  GO TO 7 0 0  
SEXPLO=SEXPLf l+AC*THICK(NN 1 *DENSTY ( N Y  
SEXPHI=SEXPLO 
FORTRAN I V  G LEVEL 1 9  M A  I N  DATE = 7 1 1 4 2  07/54117 
CONT I NU€ 
CONT INUE 
I I I = I I + l  
DO 8 0 0  N = l r I F [ L  
I F  ( I A T N O t I )  .NF. I A T N U N ( N 1 I  GO TO ROO 
SEXPLO=SEXPLO+ARSCOF( 1 1  I 1  1 *DENSTY ( N  ) * T H l C K ( N l  
S E X P H [ = S E X P H I + A B S C O F ( I * I I I I * D E N S T Y I N ) * T H I C K ( N )  
CONTINUE 
TRAN=EXP[-SEXPLO) 
N= 1 
P R I N T  ~ ~ W V L H E ( I I I I ) ~ T R A N I N  
I F  ( I P U N  .EQ- 1) PUNCH ~ , W V L H E ( I ~ T I ) ~ T R A N I N  
NCARO=NCARD+Z 
TRAN=EXP(-SEXPHI) 
N=? 
P R I N T  ~ ~ W V L H E ( I , I I I ) ~ T R A N I N  
I F  ( I P U N  ,EL). 1 )  PUNCH 5 q W V L H E ( I , I I I ) r T R A N q N  
CONTIN(JE 
CONTINUE 
I F  ( ICONT .NE. I E L E M )  GO Tf l  60  
N=O 
TRAN=EXP(-SLJPEXP 1 
PRINT  4vWVLeTRANvN 
NCARD=NCARD+ 1 
I F  I I P U N  .EO. 1) PUNCH 5rWVLvTRANqN 
I F  (WVL .LT-  59.51 Gfl T i l  4 5  
I F  ( I P U N  *EQ. 1 )  PUNCH 7 r ( F I L N A M ( I ) q I = 1 ~ ? 5 ) q N C A R O  
GO TO 8 0  
PR INT  6rWVL 
I F  lWVL .LT, 59.5) Gfl  TO 4 5  
I F  ( I P U N  .EQ. 1 )  PUNCH 7 , l F I L N A Y [ I ) ~ [ = l t 1 5 ) , N C A R D  
CONT l NU€ 
FORMAT( ' 't 139 2E12.4, 9 x 1  A8 
FORMAT( I3qZE12.4r  9 x 9  A8 ) 
FORY AT ( 3 5 A 7 )  
F O R M A T ( I 3 , [ 7 )  
FORVAT( '  ' , F 7 - ? , F 1 2 e 6 9 1 3 )  
F f lRMAT(2F10 .6 , I 2 )  
FORMAT(' '7' INSUFTCIENT DATA AT' qF7.2)  
FORMATf35AZr  1 5 )  
FORMATll  l S r 3 5 A 2 )  
FORMAT(' ' " r / / / / l  
CONTINUE 
GO T f l  1 0 0 0  
CONTINUE 
END 
FORTRAN I V  G L E V E L  19 M A I N  D A T E  = 7 1  1 4 2  
C 
C O S O I N T  
C 
C T H I S  PROGRAM C A L C U L A T E S  A T H E O R E T I C A L  F I L T E R E D  SOLAR SPFCTRIJY . H T 15 A 
C M O D I F I E D  V E R S I O N  O F  T E M P I N T I  M A K I N G  C A L C I J L A T I O N S  I N  COUNTS I U S T E A r )  OF 
C POMER. 
C 
D I M E N S I O N  S T O R E T ( 2 O I  
D I M E N S I O N  SPEC(400r2)rSPCLIN(400p2i~FILNAM(35) 
D I M E N S I O N  SIMR(6)rStMBL(l4),SIMP(351 
D A T A  E N D /  ' E N D @ /  
D I M E N S I O N  W V L 2 t 5 0 ) r  C O E F Z I S O )  
1 q M E D G E 1 5 0 )  r C O E I 1 1 0 0 )  
COYMON /COMM/ TLOGA,  IP r I N T E G  
COMMON W V L ~ l O O ) ~ C O E F ~ 1 0 0 ) r N E D G E ( 1 @ 0 ~ ~ N C . D S  
C A L L  P L O T S  
C A L L  PLOT(O.Oe-.Sr 3 
I S W  = 1 
1 7 0  
8  1 I = I + l  
READ 9 8 7 ,  S T O R E T f I )  
c 
C R E A D  TEMPERATURES 999 S I G N A L S  THE END O F  TEMPERATt IRES,  I F  V M F a c  A 4 F  Vn 
C TEMPERATURE CARDS I T  I S  ASSUMED T H A T  A L L  TFMPFRATkJQFS A R F  R E r l l F C T E D  : B O G  T 
C  = 5.8 TO L O G  T = 8.0. 
C 
9 8 7  FORMAT(FZO.? )  
I F  ( S T O R E T f I I  -EO. 999, GO TO 80 
GO TO 8 1  
8 0  NUMTP = I -1 
I F  ( NUHTP -EQ. 0 ) I S W  = 2 
I F  ( NUMTP -EQ. 0 NUMTP = 2 3  
R E A D I l . 3 3 3 3 )  S I M B  
C X A X I S  L A B E L  
3333 F O R M A T ( 6 A 4 )  
R E A D ( l r 4 4 4 4 )  S I M B L  
C Y A X I S L A B E L  
4 4 4 4  F O R M A T ( 1 4 A 4 )  
3 0  READ ZrfFTLNAM(I)rI=lr17)vNCDS 
2 F n R Y A T ( 1 7 A 4 ,  2 x 9  I5 1 
P R I N T  5~(FILNAM(II,I=lrl7),NCDS 
5 F O R M A T ( W 8 ~ / / / , 1 7 A 4 ~ I 1 0 )  
I F  ( NCDS .EQe 9 9 9 9 )  GO T n 5 1  
DO 100 I = l , N C D S  
C 
C R E A D  F I R S T  F I L T E R  . AS MANY F I L T E R S  MAY RE I Y S E R T E O  AS D F s I R F D  W I T H  
C AN END CARD F O L L O W l N G  E A C H  ONE U N L E S S  THERE ARE TWO F I L T T R S  T r i  
C  R E  M U L T I P L I E D  TOGETHER. 
C 
READ 3rWVL[I)rCOEF[l),NEDGE(I) 
P R I N T  3rWVL(IbrCQEF(IlrNEDGE(I) 
3 F O R M A T ( 2 F l O e b r I 2 I  
LOO C O N T I N U E  
NCDS=NCDS-1 
D A T E  1- 7 1 1 4 2  F O R T R A N  I V  G L E V E L  19 MA I N  i34/33!07 
0 0 3 5  READ 7 4 ,  D U M l r  DUM29 DUMMY 
0036 I F  f DUMMY eEQ. E N D )  GO T O  71 
0 0 3 7  I = l  
0 0 3 8  72 READ 7 4 9  W V L 2 ( I ) r C O E F 2 ( I l r  DUMMY 
1 v M E D G E ( I )  
C 
C READS ANOTHER F I L T E R  W H I C H  WILL BE M l l L T I P L I E D  BY THE F I R S T  F l k T F l  8 8  
C EACH WAVELENGTH. L I N E A R  I N T E R P O L A T I O N  I S  MADF I F  WAVELFYGTHS OF F I R S T  WNn 
C SECOND F I L T E R  AREN 'T  T H E  SAME. P U T  AN END C A R D  AFTER T H I C  FSPBFR, 
C 
0 0 3 9  P R I N T  749 M V L 2 (  I )  ~ C f l E F 2 4  I ) r DUMMY 
1 q M E D G E ( I 1  
0040 7 4 FORMAT ( 2 F 1 0 - 4 r  A 3 9  I 1  1 
0 0 4 1  I F  l DUMMY .EQ. E N D  I GO TO 7 3  
0 0 4 2  T = I + 1  
0 0 4 3  GO TO 7 2  
0 0 4 4  7 3 I S V  = I - 1 
0 0 4 5  N C D S l  = NCDS + 1 
0 0 4 6  DO 7 5  I = 1 9  N C O S l  
0 0 4 7  Y = T R P L I N t  W V L I I l r  I S V I  WVCZv C O E F Z  I 
0 0 4 8  C O E I ( I 1  = C O E F t I )  * Y 
0049 P R f N T  3 r W V L ( I ) e C O E I l  I I t N E O G F 4  1 1  
00 5 0  7 5 CONT I NUE 
0 0 5 1  J = N C D S l  
00 5 2 DO 7 6  I = 1 9  I S V  
0 0 5 3  I F  ( MEDGEt  I )  e E 0 .  0 GO T n  76 
0 0 5 4  Y = T R P L I N (  W V L 2 (  T 1 q N C D S l r  WVLI COEF 1 
0 0 5 5  J = J + I  
0 0 5 6  C O E I ( 9 )  = Y * C O E F Z ( 1 I  
00 57 N E D G E I J )  = M E D G E ( I 1  
0 0 5 8  W V L t J B  = M V C Z I I )  
0 0 5 9  P R I N T  3rWVL(J)rCOEI(J)vNEDGEfJ) 
0 0 6 0  7 6 C O N T I N U E  
0 0 6 1  NCDS = J -1 
0 0 6 2  C A L L  SORTP(  J, WVLq C O E I I  NEDGE 1 
0 0 6 3  DO 7 7  1 = 1 9  J 
0 0 6 4  C O E F t I )  = C O E I ( I )  
0 0 6 5  7 7  P R I N T  3vWVLtI).COEF(I),NEDGE(II 
0066 7 1 CONT I NUE 
C 
C READS A TEMPERATIJRE AND PERFORMS C A L C t J L A T I O Y S  PDQ ALL d E I V F L F ' V r l T  45 
C BEFORE RETVRNIP IG  FOR NEXT  TEMPERATIJRE I N  SEOIJEYCE. 
C 
R E A D (  11 1 XMRK 9 TLQG 
DO 5 0 0  I T C Y  = 1, NUMTP 
T L O G T  = S T O R E T (  I T C Y )  
I F  (ISM -EQ. 2 )  TLOG = T L O G T  
I F  ( A B S l T C O G T - T L O G )  . LT .  .00001 1 G 3  Tfl 9 8 9  
9 8 6  CQNT lt NUE 
R E A D ( 1 1 1  XMRKvTLOG 
I F  ( XMRK e N E e  9999. 1 GO TO 9 8 6  
I F  ( A B S I T L O G T - T L O G I  ,LT, .00001 1 G n  TO 98s 
GO TO 9 8 6  
9 8 9  C O N T I N U E  
FORTRAN I V  G LEVEL 19 M A I N  DATE = 7 1 1 4 2  
10 NSPEC=O 
2 0  NSPEC=NSPEC+l 
READ( 11, END=Sl )  SPEC(NSPEC, l I  9 SPEC( N S P E C I ~ )  
I F  (SPEC(NSPEC,ZI .GEe 0.1 GO TO 2 0  
S P C L I N ( L , l I = S P E C ( N S P E C I L )  
S P C L I N ( l e 2 ) = S P E C ( N S P E C I Z )  
NSPEC=NSPEC-1 
N L I N = 1  
6 0  N L I N = N L I N + l  
READ( 1 1 1  SPCLIN(NLIN,l),SPCLIN(NLINI2) 
I F  I S P C L I N ( N L [ N I ~ )  -NEe 9999.1 GO T n  60  
T L O G = S P C L I N ( N L I N I ~ ) - . 1  
NL IN=NL I N-1 
TLflGA = TLOG 
P R I N T  1, TLOG 
1 F O R N A T ( ' l 1 " , ' L 0 G  T='vF5.2) 
TLOG = TLOG + - 1  
988 CONTINUE 
P R I N T  4 
4 FORMATf 'O*  e / / r  ' W A V E L E N G T H ~ 5 X ~ ' F I L T F R F O  SPECTRUM' p 1'949 
1 ' TRANS.'? T 5 2 r  ' I N P U T  SPECTRUM') 
C  
C CALCULATES F I L T E R E D  POWER I N  0.2 ANGS WAVELENGTH R I N S .  
I P  = 0  
F I L I N = O .  
F I L I  =o. 
WAVELz1. 
I I = O  
WAVEL=WAVEL +O. 2  
1 I = I  I+1  
DO 2 0 0  I I I = l r N C D S  
I F  ( N E D G E ( I 1 I )  .NE. 1 )  GO T O  2 0 0  
I F  f W V L ( I I 1 )  eGEe WAVFL .OR. W V L t I I I l  .LE. WAVEL-e7) GO r n  
WSAVE=WAVEL 
MAVEL=-5*1 WAVEL--2+WVLt t 1 I ) I 
V A L = V A L I N [ M I V E L )  
FUNVAL=VAL*SPEC( I I v 2 ) * I ( W V L (  1111-Gr'SAVE+.2)/. 2 )  
FUNVA =1. *SPEC(II~2)*([WVL(IIIj-WSAVF+.2)/.2) 
FUNVAL I S  THE CALCULATED B I N  POWER FOR THE F I L T E R F D  S P E C B Q l l " ,  
THE CALCULATED B I N  POWER OF THE INPUT SPECTRtJM. 
CALL F L I N  (SPCLlN,NLIN,UVL(IIII~WSAVE-.2tFUNVAL) 
CALL FLINO(SPCLINrNLINrWVL(IfI)rWSAVE-.2rFIJNVA 1 
WAVEL=.5*(WVLIIII)+WSAVE) 
I I I=I I I+1 
VAL=VAL IN(WAVEL)  
FUNVAL=FUNVAL+VAL*SPEC(IIP~)*I(WSAVE-WVL(IIII)/.~I 
FUNVA =FUNVA +I. *SPEC(IIV~)*((WSAVE-WVL([II))/.Z) 
C A L L  F L I N  ( S P C L I N ~ N L I N I M S A V E V W V L ( I I I ) I F U N V ~ L )  
CALL F L I N O ( S P C L I N ~ N L I N t W S A V E I W V L ( 1 T I l ~ F U N V A  1 
CIYNVFRTS F I L T E R E D  PflWER TO CflUNTS FOR EACH WAVFLENGTH 9 i V ,  
FORTRAN I V  G  LEVFL  1 9  MA I N  DATE = 7 1  2 4 2  
C 
MAL = MAVEL * 1E-8 
FUNVAL = FUNVAL *(WAL/((6.6256E-271*(2.997925€10~1B 
WAVEL = WAL * 1E8 
PRINT  6 ,  WSAVEp FUNVAL ?VAL 
1 r FUNVA 
CALL PLTSPT( WSAVEq FUNVAL 1 
F I L I  = F I L I  +FUNVA 
F I L I N = F I L I N + F U N V A L  
WAVEL=WSAVE 
GO TO 5 0  
2 0 0  CONTINUF 
C  
C  CALCULATES F ILTERED POWER ACROSS ABSORPTION EDGES, 
C  
VAL=O 
WAVEL=WAVEL-0- 1 
DO 3 0 0  I I I = 1 p N C D S  
N = I  I I + 1  
I F  (MAVEL -GT. M V L t I I I )  .AND. WAVEL .L€. WVL(Q1 )  
+ VAL=VAL I N (  WAVEL 9 
3 0 0  CONTINUE 
WAVEL=WAVEL +O, 1 
FUNVAL=VAL+SPEC i I I pZ )  
FUNVA = 2 .  *SPEC([I,Z) 
CALL F L h N  t S P C L I N 9 N L T N ~ W A V € L ~ W A V E L - . Z r F U W V A L l  
CALL FLINOCSPCLIN,NLIN~WAVELpMAV€L-o2rFUNVA I 
MAb = MAVEL * 1E-8 
FUNVAL = FUNVAL *(WAL/((6.6256F-Z7)*(?.997~25E1QI 
WAVEL = WAL * 1E8 
PR INT  6 ,  WAVEL 9FUNVAL ,VAL 
1 9 FUNVA 
CALL PLTSPTf WAVEL* FUNVAL 1 
6 FORMAT l F8.2, 9 x 9  E 1 7 . 6 9  7 x 9  FR.68 7x1 F13 .6 )  
F I L I N = F I L l N + F U N V A L  
F  I L I  -F I L I  +FUNVA 
50 I F  (WAVEL -LT.  69.91 GO TO 4 0  
INTEG = ALOG10 l  F I L I N  1 
CALL PLOTT ( S I M B t  SIMSL,  FILNW" 1 
PR INT  7 , F I L I N  , F I L I  
7 F O R Y A T ( V D r V I L T E R E D  SPECTRUM I N T E G R A L ( 3 - 6 0 A ) = ' , E L S , h  / 
1 @ O 0 p r  INPUT  SPECTRUM I N T E G R A L ( O - 7 0 A I = \ F ~ 3 e b  I 
5 0 0  CONTINUE 
REWIND 11 
GO TO 3 0  
5 1 CONT I NU€ 
CALL P L O T ( 1 5 , 0 e 0 a 0 ~ 9 9 9 )  
END 
F O R T R A N  I V  G L E V E L  19 V A L I N  P A T E  = 7 1  147 
0001 F U N C T I O N  V A L I N  ( W A V E L I  
c 
C T H I S  S U B R O U T I N E  C A L C U L A T E S  THE F I L T E R  T R A N S M I S S I O N  B Y  A L O G  E N T E k P r ' C f s T B  OqI 
C  BETWEEN I N P U T  P O I N T S .  
C  
COMMON W V L ( l O O ) ~ C ~ E F ( l O O ) r N E ~ G F ( I O O ) ~ N C D S  
DO 100 1=1,NCOS 
I l = I  +1 
[ F  ( W A V E L  .GT. W V L f  I )  .AND. WAVFL .LC. UVC( 1 1  1 )  GO Tf! I 0  
100 C O N T I Y U E  
3 0  V A L  I N=O. 
R E  TlJR N 
L 0  I= I I -1  
I F  ( C O F F f I )  .GTe , 0 0 0 1  .AND. C O F F ( 1 I )  .GT. . O D 0 1 1  Gn T Q  70 
C**** I F  I C O E F f I I  .LE. a0001 .AND. C f l F F 1 I I )  .LF. . 0001)  G O  To 30 
V A L I N = C O E F ( I ) + ( l W A V F L - H V L 1 I l ) / ( k ' V L (  I I ) - w V L ( I ) ) ) ~ ~ ( C P F F ~ l I  1 
*-COEF ( 1 I 
R E T U R N  
2 0  ALPHA=ALOGICflEF(II/CCFF(lI)l/[WVL(Il-i.lVLlIIl) 
C O N S = C O E F ( I ) / E X P ( A L P H A * W V L I I ) )  
VALIN=CONS*EXP(ALPHA*WAVFL)  
R E T U R N  
END 
FORTRAN I V  G LEVEL 19 F L I N  OAT€ = 7 1 1 4 2  0 4 / 2 3 / 0 7  
0 0 0 1  SIIRROUT I N E  F L I N  (SPCL I N c N L I N r W L H I ~  WLLntFIJVVAL)  
C 
C T H I S  SUBROUTIYE USES THE f l L T E R  TRANSWISSInN F R O M  \ I A C I h l  T r l  CAPC ? I _ t T F  T c l F  
C B I N  POWFR CONTRIRlJTEO RY L I N F S  AND ADDS I T  T O  FACI4 R l N ' S  Sr;ThL P O * l F a  
C 
D I Y F N S I O N  S P C L l N ( 4 0 0 , 2 )  
DO 1 0 0  I = l p N L I N  
I F  ( S P C L I N ( I t 1 )  .GT-  WLLO .AND. C P C L I N ( I y 1 1  .LE. W L Y I B  
* F U N V A L = F U N V A L + V A L I N ~ S P C L I N ( I v 1 l ) * ( 1 O O * * S P C L I N ~ 1 ~ 7 ~ ~  
1 0 0  CONTINUF 
RFTURN 
END 
FORTRAN I V  G LEVEL 1 9  F L  I N 0  DATE = 7 1 1 4 2  Q4/?3/07 
0 0 0 1  SUBROUTINE F L I N O ( S P C L L N v N L I N ~ W L H I ~ W L L 0 ~ F U N V A L ~  
C 
C T H I S  SUBROUTINE ADDS THE B I N  POWES CONTRIBUTED R V  LTNES T 1  C A T +  4 t h ! B q  
C TOTAL POWER. 
C 
0 0 0 2  D I M E N S I O N  S P C L I N ( 4 0 0 r 2 )  
0 0 0 3  00 1 0 0  I = l r N L I N  
0 0 0 4  I F  I S P C L I N f I e 1 )  .GT. ULLO .AND. S P C L I N ( I P L )  - L E O  WLHBI 
*FUNVAL=FUNVAL+ 1. * ( l O e * * S P C L I N ( I , 2 ) )  
0 0 0 5  1 0 0  CONTINUE 
0 0 0 6  RETlJRN 
0 0 0 7  F ND 
FORTRAN I V  G  LEVEL 19 PLOTT DATE = 7 1 1 4 2  04/23/9? 
0 0 0 1  SURROUTI NE PLOTT4 SIMR, S IMRLI  S T Y P  1 
C  
C  T H I S  SUBROUTINE PLOTS F f L T E R E O  COUNTS VS MAVELENGTW F O R  EdCH 
C  TEMPERATURE ON THE CALCOMP PLOTTER. 
C 
c SIMB IS x AXIS LABEL SIMRL IS Y A X I S  L A B E L   IMP 1 5  A L ~ ~ F I .  
D I M E N S I O N  I B U F ( 1 0 0 0 ) ~ E L L M 1 3 0 0 1 r Q J E N ~ 3 0 0 ~ q O U T ~ J T ~ 4 0 0 ~  
D I M E N S I O N  OATUN 1 1 0 )  
D I M E N S I O N  S I Y R ( ~ , + S I M R L (  1 4 )  9 S I M P (  3 5 )  ,ESIJM( 3 5 0 )  , E f 4 O O a  
D I M E N S I O N  D U T U T P ( U O O ) r F P ( 8 0 0 )  q L A R F L ( 1 2 )  
COMMON /COMM/ TFMPI I P  q I N T E G  
DATA BLANK / "  ' / 
P I = 3 . 1 4 1 5 9 2 7  
V M I N  = I N T E G  - 5  
DUTUT(  I N U G + 1 1  = Y M I N  
DUTUT( IN tJG+?)  = .5 
E I  I N I J G + l I  = 0 -  
E ( I N U G + Z I  = 4 .  
C A L L  SYMBOL( 1 .9  9.1 ,129 ' L L O G ( T ) = ' v  0.9 7 )  
CALL NUMBERI1.969 9.. e l 2 1  TEMPI 0.7 1)  
C A L L  SYMBOL( 1 . r 8 . 5 ~ .  l r T I M P ~ 0 - , 6 8 1  
YL = 18.  
C A L L  A X I S ~ O . 9 O . r S I H B r - 7 3 ~ X L  90. , E l  T N I J G * 1 1 r F I  I N I I C + 7 )  1 
CALL A X I S ( O - , O - r S I M E I L r 5 6 r 9 . r 9 0 . 9 D U T U T (  I r V L I G + l )  ,3UT!JT6 I i \ ' I i G + 7  i 1 
CALL  A X I S (  0.9 10.9 BLANK, - 4 ,  XLq 0.9 E (  I N I J G + l ) r  r f  8 l \ l 1 i G + 7 ) )  
E P ( 1 )  = E ( 1 )  
I F  ( D U T U T ( 1 )  - L T .  Y M I N l  D U T U T ( 1 )  = Y M I N  
D U T U T P I L I  = D U T U T ( 1 )  
N = l  
DO 9 0 0 0  I = 2 ,  INUG 
I F  I DUTUTf  I )  .LT. Y M I N )  D U T U T ( 1  I = Y Y I N  
[F ( € 4 1 )  - E ( I - 1 )  - L T .  e 2 5  1 GO TO 9 0 0 1  
N = N + l  
E P f N )  = € ( I - 1 )  
D U T U T P ( N ) = V M I N  
N = N + l  
E P ( N 1  = E ( I 1  - .2 
D U T U T P I N ) = Y M I N  
9 0 0 1  C O N T I  AIUE 
N = N + l  
EP ( N )  = E I I )  - .? 
D U T U T P f N )  = D U T U T 1 I )  
Y = N + 1  
EP I N )  = E f I )  
D U T U T P I N )  = D V T U T ( 1 )  
9 0 0 0  CONT I NUF 
DUTUTP ( N + 1 )  = DI ITUT(  I N U G + 1 )  
DUTIJTP ( N + 2 )  = DUTUT(  I N U G + 2 )  
E P ( Y + l )  = € I  I N U G s l )  
E P ( N + 2 )  = E I I N U G + Z )  
C A L L  L I N E (  EPI DUTUTPq NI 1, 0 ,  1, 1 1 
C A L L  PLOT I XL + 1 - 5 9  0. r - 3  1 
RFTURN 
ENTRY P L T S P T f  WSAVFI FUNVAL 1 
